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PTTI  DISTINGUISHED  SERVICE  AWARD 


Presented  by 

Captain  Richard  E.  Blumberg 
Superintendent 

United  States  Naval  Observatory 
Washington,  DC  20392-  5420 


to 


Dr.  Gernot  M.R.  Winkler 
Director  of  Time 
U.S.  Naval  Observatory 


Distinguished  visitors,  fellow  scientists,  ladies  and  gentlemen. 

Today  it  is  my  pleasure  to  preside  over  the  inaugural  PTTI  Distinguished  Service  Award 
Ceremony  and  I am  pleased  to  present  the  award  to  someone  whose  life’s  work  has  earned 
him  an  international  reputation  in  the  field  of  precise  time. 


The  criteria  for  the  award  are  that  the  award  shall  recognize  an  individual  for  any  of  the 
following  contributions  to  the  field  of  PTTI. 


a.  provided  exceptional  leadership  and  demonstrated  ability  and  ingenuity  in  the  development 
or  application  of  PTTI  over  a number  of  years, 

b.  designed  or  developed  a significant  PTTI  system. 


It  is  my  personal  pleasure  to  present  this  first  PTTI  Distinguished  Services  Award  to  Dr.  Gernot 
M.R.  Winkler,  Director  of  Time,  U.S.  Naval  Observatory. 


Dr  Winkler  is  renowned  worldwide  for  his  knowledge  of  precise  time  and  his  accomplishments 
in  establishing  and  maintaining,  at  the  U.S.  Naval  Observatory,  the  most  accurate  time  standard 

in  the  world. 


Early  in  his  career.  Dr.  Winkler  recognized  the  requirements  for  and  importance  of  worldwide 
time  synchronization.  He  pioneered  the  development  of  the  “flying  clock”  in  conjunction 
with  Very  Low  Frequency  (VLF)  monitoring  projects  studying  propagation  path  delays.  His 
work  laid  the  foundation  for  the  use  of  VLF  for  timing  and  navigation  (e.g.,  using  Navy  VLF 
Communications  Stations  to  supplement  the  Omega  Navigation  System).  His  most  important 
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achievement  has  been  the  development  of  the  most  stable  and  universally  accessible  atomic 
timescale  in  the  world.  This  time.scale  has  become  the  primary  vehicle  for  the  formulation 
of  International  Atomic  Time.  The  statistical  basis  of  this  timescale,  the  development  of  the 
algorithm  for  its  implementation,  and  its  practical  utilization  were  performed  with  his  guidance 
and  participation  every  step  of  the  way. 

Throughout  his  career.  Dr.  Winkler  has  cooperated  not  only  with  other  Federal  agencies, 
but  also  with  private  industry,  to  improve  the  accuracy  and  timeline.ss  of  the  dissemination 
of  precise  time.  One  of  his  most  outstanding  contributions  to  both  government  and  the 
private  sector  was  his  establishing  the  annual  Precise  Time  and  Time  Interval  Applications 
and  Planning  Meeting.  These  meetings  have  increa.sed  knowledge  and  cooperation  and  have 
reduced  markedly  the  duplication  of  effort  among  various  national  and  international  agencies 
and  organizations,  both  public  and  private.  He  persuaded  the  Coast  Guard  to  synchronize  its 
Loran-C  Navigation  System  and  was  also  successful  in  bringing  about  the  .synchronization  of  the 
OMEGA  Navigation  System.  He  has  worked  with  the  Global  Positioning  System  (GPS)  Program 
Office  in  coordinating  the  timing  of  the  NAVSTAR  GPS.  Synchronization  of  these  systems 
improved  significantly,  the  long-range  navigation  precision  for  strategic  and  tactical  weapon 
systems.  Dr.  Winkler  has  also  worked  closely  with  a number  of  organizations  — the  Naval 
Astronautics  Group  in  timing  the  worldwide  Navy  Navigation  Satellite  System  (TRANSIT); 
with  the  Applied  Physics  Laboratory,  Johns  Hopkins  University,  on  LORAN-C  timing;  with 
the  National  Security  Agency  on  special  experiments;  with  the  National  Aeronautics  and  Space 
Administration  in  timing  its  worldwide  tracking  network,  and  with  the  National  Institute  of 
Standards  and  Technology  and  Hewlett-Packard  in  .solving  timing  problems  of  mutual  concern 
to  ensure  the  nation  has  a single  time  standard. 

Through  his  elTort.s,  Dr.  Winkler  has  brought  international  recognition  to  the  U.S.  Naval 
Observatory  by  providing  timely  and  accurate  publication  and  distribution  of  time-related  data 
and  information.  Each  year,  ten  different  Time  Service  announcements,  comprising  more  than 
150,000  pages,  are  composed,  printed  and  distributed  to  more  than  1200  users  worldwide.  As 
the  need  for  “real  time”  access  to  USNO  timing  data  has  grown.  Dr.  Winkler  has  developed 
a system  for  di.stributing  timing  data  on  acomputer-to-computer  basis. 

Dr.  Winkler  is  widely  recognized  as  the  preeminent  world  leader  in  preci.se  time,  time  interval, 
timescales  and  time  distribution.  He  has  established  the  United  States  Navy,  through  the 
Naval  Observatory,  as  the  largest  single  contributor  (currently  at  38%)  to  the  international  time 
standard.  Universal  Time  Coordinated.  He  thus  ensures  that  .satellite,  navigation,  command, 
control,  and  communications  systems  are  all  operating  on  precise,  accurate  time  standards; 
aKsolutely  vital  for  data  synchronization  in  the  information  age.  His  leadership  as  Chairman 
of  the  Subcommittee  on  International  Atomic  Time  (TAI)  of  the  International  Consulting 
Committee  for  the  definition  of  the  second  for  atomic  time  and  active  coordination  with 
other  national  Time  Services  have  ensured  that  international  standards  for  time  and  frequency 
measurements  are  strictly  adhered  to,  thus  guaranteeing  the  .stability  of  time  for  DoD,  the 
United  States,  and  the  world. 

Dr.  Winkler  has  played  a critical  role  in  a new  initiative  to  improve  the  accuracy  of  the  Global 
Positioning  System  (GPS).  Air  Force  Space  Command  specifically  requested  Dr.  Winkler’s 
technical  expertise  and  willing  a.ssistance  in  designing,  and  planning  an  upgrade  to  the  timing 
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systems  at  the  GPS  Monitor  Stations,  The  project,  a joint  venture  with  the  Naval  Research 
Laboratory  and  U.S.  Air  Force,  is  proceeding,  with  software  development  almost  complete, 
hardware  on  order  and  installation  scheduled  to  begin  shortly.  His  thorough  knowledge  of 
this  national  asset  illustrates  the  global  breadth  of  Dr.  Winkler’s  interests  and  willingness  to 
pursue  a vital  project.  Not  only  will  the  project  improve  GPS  timing  signals  to  better  than  10 
nanoseconds,  but  we  anticipate  improved  position  accuracy  as  well. 

Visionary  and  tireless,  with  unsurpassed  expertise.  Dr.  Winkler  is  a world  leader,  and  national 
asset.  A renowned  scientist  he  deafs  routinely,  on  a global  scale,  coordinating  national  and 
international  efforts  in  support  of  the  DoD.  His  diplomatic  skills,  ability  to  work  cooperatively 
with  other  national  time  service  organizations  and  to  make  continuous  improvements  in  precise 
time  and  time  interval  even  in  the  face  of  declining  resources  are  a tribute  to  his  skill,  leadership, 
and  .scientific  excellence.  He  deserves  the  highest  recognition  that  the  PTTI  community  can 
bestow. 
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Abstract 

This  presentation  will  update  the  status  of  GPS  policy  development  within  the  Department  of 
Defense  and  between  the  Departments  of  Defense  and  Transportation.  Subjects  discussed  will  be 
several  studies  currently  underway  on  aspects  of  GPS  management,  financing,  operations,  security, 
cotUributions  to  national  competUiveness,  the  broad  acceptance  of  GPS  as  a global  military  force 
enhancement  system,  and  the  implications  of  that  acceptance  for  operational  planning.  Also 
included  are  highlights  of  important  near-term  issues  which  wiU  contribute  to  continued  successful 
implementation  of  GPS  by  the  DoD. 

Before  I get  into  any  prepared  remarks  1 had,  I would  like  to  be  among  the  first  to  publicly 
congratulate  Dr.  Winkler  on  being  the  recipient  of  the  award.  I think  if  there’s  anybody  in 
the  world  you  can  pick  for  an  introductory  award  such  as  this,  Dr.  Winkler  is  certainly  the 
right  choice.  So  congratulations,  Doctor. 

I would  like  to  .start  by  first  of  all  welcoming  all  of  you  to  Wa.shington.  For  tho.se  of  you  who 
came  from  out  of  town,  I hope  you  understand  that  what  you  are  .seeing  here  is  just  a typical 
December  day,  sunny  and  in  the  70s.  We  do  this  all  the  time  here. 

I would  like  to  personally  thank  you  for  inviting  me  to  kick  off  your  PTTI  planning  meeting. 
It’s  a great  honor  for  me  to  be  able  to  begin  the  fe.stivities  and  the  round  of  discu.ssions  that 
will  continue.  As  Ron  said,  1 work  in  the  Office  of  the  Assistant  Secretary  of  Defense  for 
Command  Control  Communications  and  Intelligence.  As  such,  I am  really  just  kind  of  a minor 
cog  in  the  great  machine  that’s  the  Department  of  Defen.se  (DoD)  of  the  United  States.  I am 
very  proud  of  the  fact  that  the  great  machine  has  been  the  producer  of  a number  of  tremendous 

systems  like  LORAN  and  TRANSIT  and  GPS.  In  fact,  GPS  is  what  I will  talk  about  a little 
later  here  today. 

Really,  in  comparison  to  all  of  the  assembled  scientists  in  this  august  body,  I’m  just  a layman 
when  it  comes  to  the  timing  business.  As  I thought  about  what  kind  of  things  I could  say  in 
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i,  keynote  address  for  this  conference,  I was  really  perplexed  as  to  what  sorts  of  things  I as 
a Lyman  could  offer  to  a group  such  as  this.  I really  think  thafs  one  of  the  reasons  we  are 
here  today  in  this  meeting,  is  to  bring  what  is  teally  a vety  esoteric  technology,  in  some  ca. 
a difficult  to  understand  technology,  down  to  layman’s  terms. 

So  to  start  with,  I would  like  to  offer  a few  of  my  observations  about  time  that  I’ve  pickled  up 
here  as  I’ve  worked  through  GPS  and  dealing  with  a number  of  you  folks.  _ 

many  of  these  observations  may  sound  patently  obvious  and  pedestrian.  However,  to  the  per. 
who  views  time  as  most  people  do,  kind  of  akin  to  air  and  sunlight  which  are  free  and  a w j 
available,  they  may  not  be  so  obvious.  People  tend  to  expect  time  to  be  a resource  ha 
always  there  in  abundance  and  to  be  used  whenever  they  feel  like  it.  As  you  all  know,  that 

not  necessarily  the  case. 

I do  have  another  agenda.  It  is  one  that  I’ve  pushed  several  times  before  to  many  of  you; 
and  that  is  we  all  need  to  make  time  and  timing  familiar  to  the  program  management  people 
to  the  system  designers  who  produce  systems  that  depend  on  time  and  time  interval,  so  y 
can  undLstand  how  PTTI  can  both  contribute  to  the  systems, 

systems  to  do  everything  that  they  want  to  do.  In  addition,  the  knowledge  of  PTTI  "^^s  to 
be  accounted  for  in  all  stages  of  system  design  and  operation.  In  fact,  '^f  re  n 
as  we  enter  the  operational  stage  of  GPS  in  its  day-to-day  operations.  I 11  talk  a little 

about  that  when  I get  to  the  GPS  part. 

First  of  all,  my  basic  perspective  says  that  time  is  the  ultimate,  nonrenewable  resource.  We 
to  save  it;  we  try  to  make  it;  and  we  certainly  spend  it.  In  fact,  we  really  can’t  save  time 
because  it  moves  inexorably  onward,  and  once  it  passes,  it’s  gone.  Anyone  who  has  ever  faced 
rdeadline  knows  that  once  that  time  is  up,  it’s  up;  and  you  don’t  get  it  back  again.  We 
c-in’t  make  more  of  it  much  as  we’d  like  to,  so  we  try  to  shave  it  into  its  smallest  possible 
«miponents,  and  then ’do  everything  faster,  on  the  theory  that  ultimately  this  will  make  more 

time  available  to  us. 

With  regards  to  time  and  that  kind  of  technology,  my  obsen/ation  is  that  in  the  last  year  in  my 
office  lie  had  a simple  word  processor  replaced  with  two  extremely 

one,  so  I can  deal  with  classified  and  the  other  so  I can  deal  with  uncla.ssified,  both  of  which 
I used  to  deal  with  in  my  word  processor.  My  telephone  with  human  answering  suppor  ' 
Le„  «lced  r h vote  mail,  on  .he  presumption  .ha.  all  of  .his  high-speed  high-powered 
Lchnl«“nd  electronics  will  give  me  more  time  to  be  efficient.  Frankly  I don’t  necessarily 
find  thatlo  be  the  case.  What  I do  find  is  that  some  of  these  timesaving  devices 
put  more  volume  into  less  space  at  a faster  rate;  but  at  some  pomt  we  need  to  step  back  and 
tike  a look  at  the  utility  of  what  we’re  doing  in  all  this  flurry  of  activity  and  make  sure  that 
when  i.  "les  Twn  to  Ihe  end  user,  i.  really  is  useful  to  him/her.  Again,  I expect  .ha.  is  why 
we  need  conferences  like  this  - not  only  to  show  each  other  how  we’re  pressing  the  limits  of 
technology  in  a particular  area  of  PTTI,  but  also  so  the  decision-makers  and  the  '‘‘ymt'' 
the  business  (if  you  will)  can  see  the  human-useful  results  in  ways  that  we  can  grasp  and  then 

apply. 

So  now  1 get  to  using  time,  or  “spending  it,”  more  properly  said.  to  think  about 

that  as  if  we’re  spending  it  out  of  our  own  pockets.  Because,  as  I said  before,  it  is  our  mo. 
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valuable  resource:  it’s  nonrenewable  and  it’s  a resource  for  which  even  the  best  technology 
today  cannot  create  a substitute.  That  is  why  I continue  to  be  concerned  with  time  and  time’s 
contribution  to  GPS  and  all  its  facets  - in  fact,  concerned  to  the  extent  that  right  now  my 
watch  says  it’s  9:26;  and  if  any  of  you  are  hooked  up  to  GPS  time,  you  know  that’s  about  five 
minutes  or  so  fast.  The  reason  is  that  I don’t  want  to  be  late  to  things  and  waste  my  time  or 
the  time  of  others;  but  it’s  also  a measure  of  the  way  we  think  about  these  kinds  of  things  that 
makes  me  concerned  when  I look  at  my  watch  and  I wonder  if  it’s  “ju.st”  five  minutes  fast; 
It  could  maybe  be  four  minutes  and  50  .seconds  fast,  or  five  minutes  and  10  seconds  fast.  So 
even  trying  to  mea.sure  with  a micrometer  and  cut  with  an  ax,  we  still  tend  to  think  in  terms 
of  micromanaging  time.  So,  enough  of  that  general  pedestrian  observation. 

Let  me  move  now  to  a di.scussion  of  current  applications  of  time  and,  specifically,  time  in  the 
way  It  applies  to  GPS,  and  of  a GPS  status  update  in  general.  I put  this  slide  (Figure  1)  up  to 
give  you  all  an  indication  of  the  way  we  do  GPS  today.  GPS  isn’t  just  a DoD  program;  it’s  not 
Ju.st  a military  program;  although  it’s  called  the  “Positioning  System,”  it’s  not  just  a positioning 
or  navigation  system.  It  is,  in  fact,  a aimmodity  resource.  It’s  a dual-use  system  for  use  by 
civil,  commercial,  scientific  enterprises  as  well  as  by  military  users  in  the  U.  S.  and  abroad. 

What  I would  like  to  run  through  today  in  this  part  of  the  discussion  is  a general  program 
status,  and  draw  some  particular  references  to  PTTI  in  a GPS  context.  I put  this  slide  (Figure 
2)  up  not  to  .show  you  how  GPS  works  — because  mo.st  all  of  you  know  how  GPS  works  - 
but  to  highlight  the  key  component  of  GPS,  and  that’s  time.  A lot  of  people  who  think  about 
GPS  in  the  Washington  area,  at  a policy  level  or  just  generically,  don’t  really  think  of  time; 
they  think  of  location,  position.  They  don’t  understand  that,  fundamentally,  GPS  is  a timing 
.system;  that  timing  is  absolutely  key  to  GPS,  the  way  it  works,  what  makes  it  successful,  and 
ultimately  the  range  of  benefits  that  will  be  obtained  from  GPS. 

I would  just  like  to  quickly  run  through  our  current  policies  .so  that  everyone  knows  where 
we  re  coming  from  policy-wise.  This  really  isn’t  a policy  discussion  per  se,  though.  I’ll  talk 
a little  bit  about  our  extensive  involvement  with  the  civil  community;  and  then  some  current 
updates  on  a number  of  studies  that  are  in  progre.ss  looking  at  the  GPS.  How  is  long-term  use 
affected  by  initiatives  in  a civil  aimm unity  anxious  to  use  GPS?  A quick  military  perspective 
on  how  GPS  plays  in  a tactical  environment;  and  finally,  .some  conclusions. 

Policy  statements  that  deal  with  GPS  you’ve  seen  many  times  before.  I just  put  them  up  here 
to  remind  you  of  what  they  are.  We  have  two  different  services  in  GPS:  a Preci.se  Positioning 
Service  (PPS)  available  to  U.  S.  and  allied  military,  which  is  defined  as  a positioning  accuracy 
of  16  meters,  50  percent  spherical  error  probability;  and  we  also  have  a widely  — available, 
generally  — available  Standard  Positioning  Service  (SPS),  defined  at  a positioning  error  of  100 
meters,  95  percent  probability,  which  was  established  based  on  civil  aviation  requirements  for 
non-precision  approach;  but  today  we  see  many,  many  civil  requirements  that  are  far  in  excess 
of  100  meters,  and,  in  fact,  far  in  excess  of  the  16  meters  that  we  provide  or  that  the  system 
expects  to  provide  to  military  users;  and  .so,  drives  a number  of  civil  initiatives  in  the  GPS 
area.  We  do  continue  to  put  protection  on  the  GPS  signals,  both  selective  availability  and 
anti-spoofing,  which  are  implemented  continuously  on  all  the  operational  satellites.  The  PPS, 
as  I said,  is  available  to  U.  S.  and  allied  military,  and,  with  memoranda  of  agreement  with 
our  office,  to  a variety  of  other  users.  We  have  a number  of  agreements  in  place  with  foreign 
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militaries,  and  also  with  federal  civil  agencies  in  the  United  States.  Of  course,  the  Standard 
Positioning  Service  is  available  to  everyone. 

Our  work  with  the  civil  community  has  been  long-term.  (Figure  3)  We've  been  involved  with 
U T-k  tm^nt  of  Transoortation  (DOT)  in  production  of  federal  radionavigation  plans  f 

Hank  would  you  stand  up?  Hank  will  be  the  senior  DOT  representative  . 

immunity  He’ll  represent  civil  interests  at  AFSPACECOM,  at  the  Operations  Center  m he 
reauirements  development  process  which  leads  to  satisfying  future  civil  requirements  and  fuU  re 
versions  of  GPS  development.  So  Hank  will  be  a very  important  contnbutor  and  representati 
ofTe  dvil  communhy  Within  the  GPS  business.  In  fact,  he  will  be  holding  a meeting  tomorrow 

on  civil  GPS  requirements. 

Also  with  the  DOT,  as  most  of  you  probably  know,  we  had  a rather  extensive  task  force  that 
reoorted  out  last  year  in  a variety  areas  on  management  financing  and  operation  of  OPS^ 
Th  * DOT  has  put  several  of  those  management  recommendations  into  practice  already.  T 
Sdem°IvLirk«  (FAA)  is^c.ively  pushing  a ^ 

and  availability  improvement,  and  also  looking  at  ways  to  improve  GPS  accuracy  for  precision 
ap^rrch  and  othe'J  applications.  I will  talk  a little  bit  more  about  that  in  ,nst  a minute. 

Those  are  the  parts  of  the  civil  augmentation  initiatives  that  are  growing  like  mushrooms  out 
Terr  Evrry  Le  you  turn  around,  there's  a new  initiative  underway  to  improve  on  h 
Dcrformanci?at  GPS  or  to  use  GPS  in  some  new  way.  There  is  a tremendously  broad 
r„er  community,  both  in  the  government  and  out  in  the  private  sector.  You  only  have  to  reac 
GPS  World  Vllgazine  or  just  turn  on  your  television  and  see  the  rental  car  advertisements 
hist  got  a copy  of  an  off-road  magazine  from  Japan,  and  the  center  sec.ion  had  to  do  with 
after-market  OPS  navigation  equipment  that  yon  can  put  in  your  off-road  vehicle 
^^ere  were  probably  l5  or  15  different  manufacturers  "'-kuting  httle  video  greens  a„^^ 
receivers  altmg  with  CD  ROMs  with  all  the  pertinent  games  and  navigation  data.  There  was 
e^n  L’  company  that  had  one  called  "Karaoke  Navigator."  You  spend  a lot  of  time  ,n  your 
cam  in  Japan,  1 guess,  and  so  yon  need  something  to  divert  yourself  besides  finding  your  way 
around.  It  is  a tremendous  market  and  growing  all  the  time. 

Even  though  we  in  the  DoD  and  DoT  sort  of  thought  we  had  all  the  answers  last  year,  there 
were  othert  that  thought  that  it  would  be  a better  idea  if  other  agencies  took  an  independent 
look  at  the  answers  we  came  up  with  and  saw  whether  they  were  truly  the  "SM 

or  whether  there  were  other  things  that  needed  to  be  “.V^raTofu  here' for  T 

contribute  to  U.  S.  competitive  advantage  and  to  the  quality  of  life  for  all  of  here  tor 
next  20  or  .10  years  or  more.  So  there  were  a number  of  other  studies  that  were  undertaken, 

and  some  of  them  are  starting  to  show  results. 

First  of  all,  (Figure  4)  there  was  a study  run  by  the  Institute  of  Telecommunication  Sciences  (ITS) 
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on  GPS  augmentations,  looking  at  how  the  Federal  Government  can  best  provide  augmented 

- -o.'  outgrowth  of  our  task  force  of  last  year.  This  particular  study 

^arlted  early  in  94  and  is  now  in  sort  of  the  final  stages  of  reporting  out;  the  Secretary  of  the 
DOT  reviewed  the  report  in  November;  it’s  being  briefed  right  now,  and  I expect  it  will  be 
released  shortly  by  the  DOT.  It  was  performed  by  ITS,  which  is  part  of  the  NIST  under  the 
Departnient  of  Commerce;  but  the  contract  was  awarded  by  DOT  and  we  participated  in  that 
ork.  It  did  look  toward  the  differential  services  that  are  being  provided  to  augment  GPS  by 
he  Coast  Guard,  by  the  FAA,  Planned  Applications  by  Highways  and  other  federal  agencies. 

At  the  same  time,  on  the  military  side  of  thing.s,  the  Defense  Science  Board  last  spring  started 

Precision-Guided  Munitions.  Some 
folks  m the  PGM  world  were  surpri.sed,  1 gue.ss,  to  learn  that  the  GPS  has  some  vulnerabilities  in 

a r'  ^ radionavigation  system,  a radiopositioning 

systeni  that  depends  on  electromagnetics  is  going  to  be  susceptible  to  jamming.  Once  you  get 

past  that  basic  Idea  that  GPS  does  have  .some  jamming  susceptibility,  then  you  can  start  looking 
at  what  does  « take  to  make  it  as  robust  as  we  need  to  have  it  in  a tactical  environment 
Frankly  until  GPS  began  to  become  operational  and  be  considered  for  some  of  these  tactical 
applications,  peop  e hadn’t  really  started  thinking  about  it  in  a total  tactical  environment-  but 
we  are  now.  I will  cover  more  about  that  in  a little  bit. 

One  of  the  aspects  of  GPS  robustness  that  the  Defense  Science  Board  is  looking  at  is  the 
^nyibution  of  timing  for  that  tactical  robustness.  How  can  we  use  time,  which  is  again  the 
fundamental  driver  of  GPS,  to  make  the  system  more  robust,  to  enable  us  to  operate  longer 
at  Y-Kx>de,  to  enab  e us  to  re-acquire  Y-code  or  to  acquire  Y^de  faster  in  competitive 
^tuations  and  those  kinds  of  things?  So  timing  has  a direct  tie-in  to  some  of  the  work  that  the 
efense  Science  Board  and  some  of  the  recommendations  coming  out  of  the  Defense  Science 
Board  in  looking  at  improvements  to  GPS. 

We  ato  have  the  National  Academy  of  Public  Administration  and  National  Academy  of  Science 
"f  ■■  jo'">  study,  looking  at  the  totality  of  GPS.  The  National  Academy 

of  Pub  ic  Administration  is  looking  at  management  and  financing  of  the  system,  governance 
international  aspects;  the  National  Academy  of  Science  is  looking  at  some  of  the  technical 

“P^ution  of  GPS,  and  also,  by  the  way,  with  the  features  of  selective 
availability  and  anti-spoofing.  That  report  is  due  out  in  April. 

Telhllnlk!!rp  congressional  language,  the  Office  of  Science  and 

r f 1 ^ House  office,  has  initiated  a separate  study  of  GPS  through  Rand 

Critical  Technologies  Institute  to  look  at  GPS  competitive  advantages  and  vulnerability  These 
include  inilitary  advantages  and  vulnerabilities,  but  they  also  include  .some  of  the  more  macro- 
issues  of  GPS  contnbutions  to  United  States  economic  competitiveness,  technical  competitiveness 
in  the  world  market,  and  those  kinds  of  things.  Also,  by  the  way,  looking  at  GPS  as  a specific 

information  infrastructure  (Nil)  in  where  (at  least  in  some  people’s 
inds)  the  less  well-known  timing  aspects  become  very  critical.  When  you  are  talking  about 
moving  millions  of  bytes  of  data  at  very  high  data  rates,  your  ability  to  time  those  tfansfers 
and  to  synchronize  your  computers,  and  all  that,  becomes  key.  So  here  GPS  again  is  shaving 
time  to  nanoseconds  and  is  a very  significant  contributor  of  that  kind  of  technology. 
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What  the  results  of  those  studies  will  be  I can’t  forecast  at  this  point.  We  don’t  in  the  DoD 
paid  for  most  of  them  (other  than  the  Defense  Science  Board)  - ^ 
the  inside  story  on  what  the  National  Academy  of  Public  Administration  (NAPA),  the  National 
of  Sciences  and  Rand  ultimately  will  come  out  with  in  terms  of  recommendations. 
That  frankly  is  part  of  the  business  we’re  in.  If  we  need  to  learn  how  to  best  operate  a sys  em 
^ke  ;Ws  ILr  the  na^nal  good,  we  need  to  be  able  to  stand  the  scrutiny  of  independent  groups 
Id  d^eal  with  the  recomLndations  that  come  out  of  those  groups.  So  we  re  looking  forward 
whh  g"a.  Anticipation  to  the  completion  of  the  NAPA.  NAS,  as  well  as  the  Rand  stud.es  next 

spring.  . . f , 

At  the  same  time  the  studies  are  going  on,  GPS,  for  all  intents  and  purposes,  fac 

operational  We  have  a number  of  other  civil  initiatives  that  are  going  on  and  have  been  fo 
sLe  time  (Figure  5)  The  Coast  Guard,  for  several  years  now,  has  been  working  on  radio 
beacon-based  dffferential;  and,  in  fact,  putting  in  place  differential  stations  around  the  coastline 
f the  United  States-  and  now  working  with  the  Army  Corps  of  Engineers  to  put  differential 
mls^iAThc  mS;i  pf  and  Missomfwa.ersheds.  So  .hro.^h  the  ^oa-^uard  and  .he  Corps 
of  Engineers,  virtually  the  entire  coastal  area,  pins  a good  b.t  of  inland  U.  S„  will 
with  radio  beacon-based  differential  signals  in  the  very  near  future. 

iiiVArroTs"  s;^:a:  rt^:  iLrrt  ^"00“  li;  wIJ  hi^ 

even  on  the  most  precise  stages  of  flight.  Theyre  also  looking  at  local  area 
psendolites  to  aid  in  the  most  critical  Cat  II  and  III  precision  landings,  and  a.rp 

surface  control. 

A,  the  same  time  highway  systems  are  looking  at  using  OPS;  transit  systems  - not  the 

Transit  satellite  Sy;tem,  but  Metrobus  and 

in":AsffS  a m high  precision  applications.  So 

again,  the  market  is  mushrooming. 

r' "’istt  iffnimiT)  rsTo  r"  rd's  rtrs'cALs 

thoroughly  through  as  we  apply  GPS  for  our  military  purposes. 

- «■ 
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issi=5i#£i=is= 

from  the  commercial  SPS  equipment  equipment  and  to  get  away 

as  .he,  .h.„h  ■<>  — for 

fecl'l^’XlTrmTitarsPS  T°  "“"-.."mbatams.  The 

for  a ..ilde  va  i .y  oTp  a^eftlt  an  adversary  is  also  in  use  right  nex,  ,o  .he  .heater 

nr.P^  th  > Peacelu  transportation  and  commerce.  It  will  also  be  in  use  with  available 

ne°ht, s wheT^d  :r:rs;s" r''n'^  a„d 

For  conclusion,  I put  up  a couple  of  what  I call  “Obvious  Statements  of  the  Week  ” fFieure  1\ 
As  I said  in  the  beginning  GPS  isn’t  inst  an,,  ,^n..  *u-  (figure  7) 

whatever-  it’s  an  informal  ^ Ji'st  any  one  thing,  a positioning  or  navigation  system  or 

exaTythel  »f  P''tPOa"/oThl“:tan 

■ course  in  science  and  National  Information  Infrastructure  I'NIF'l  anri 

time  IS  equally  imoortant  ainnp  with  tu^  n,  ■ • • asiruciure  (INll)  and  commerce, 

from  GPS  Also  K-  velocity  solutions  that  you  ge 

competing  objectives  of  science  and  commerce  against  security.  ' 

With  that.  I’ll  close  my  introductoiy  remarks.  I hope  that  the  Planning  i-  r 
Mrccess.  I apprecia.e  all  of  you  devoting  your  a.,e«ion  .o  me  ZsZ7ZT  '*  " 
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GPS  SECURITY  POLICY 

GLOBAL  POSITIONING  SYSTEM  policy  statements 
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questions  and  ANSWERS: 

other  correspondence. 

u , an  nncaasifie.  ieuer  we  ,en.  .ha.  applies 

of  fundamentally  lays  out  a whole  rang  ^ ^jll^use  PPS^uipment  for  all  of  combat  and 

to  GPS  equipment,  such  as  that  the  seiwi  . „,issions\at  don’t  involve  combat,  such 

iHi2S:v;:ri‘;r,r 

So  it  has  been  published.  That  memo’s  been  pretty  widely  distribute  g 

But  not  publicly  per  se. 

JIM  WRIGHT:  How  can  one  get  a copy  of  that  memo. 


JULES  McNEFF:  vnv^  e.  , • „ r-P*;  =.nd  the  PTTl 

JOHN  VIG  (ARL);  A grea.  ikal  of  ^,e|me  T^ks.  Do  any  of  those 

aspecB  of  OPS.  But  most  of  that  money  wa  p segment?  And  are  there  any 

The  study  - wo^^  -- -jf  ^ tjr. 

going  to  come  ,'fo^e  study  that  would  likely  address  that  aspect  of  n. 

ro^o  ::  know  Who  .he  technical  eaperc,  are  ,n  that  study,  Is  there  any  wa,  of 
ge”"ng  to  them  to'le,  them  know  what  might  be  do-able? 

JULES  McNEFF:  I'll  tell  you  who  ts^^ 

briefed  the  DSB  group  here  a couple  of  months  ago,  gue 
to  the  issues  that  they  were  looking  at. 


Give  me  a call. 
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DoD  PTTI  Report 


CAPTAIN  RICHARD  E.  BLUMBERG 
Superintendent 

United  States  Naval  Observatory 
Washington,  DC 


The  widespread  application  of  Precise  Time  and  Time  Interval  (PTTt\  i . 

te  bem  rapM,  expanding.  ThU  grnwtk  refieclx  the  Impannnx^PTTI  In  Lny 


It’s  a pleasure  to  once  again  address  you  this  morning  I’m  still  tirkleH  over  th  a 

presentation  earlier  this  morning.  It’s  well  deserved  and^alway"  le  t^get  reco  nldonTrl^ 
your  peers,  n m honored  to  have  had  the  opportunity  to  present  the  award  in  their  behalf. 

about  major  PTTI  accomplishments  in  ’94  fFigure  U 
where  we  re  headed,  and  where  you  can  help  us  in  terms  of  PTTF  VniiVi  t’  r ’ 

-“^0“  Ti~ 
Eve.yth,„g  „ed  back  to  a requirement;  and  if.,  ateolutely  vitat  that  every  one  of  .^0 
requirements  be  stated  and  documented  in  order  to  go  on  from  there  INI  Jk  a Iktie  hi 
traprovements  to  the  Master  Clock  and  then  to  twlway  satell  te  tae  trlnsfc 

If  TnTTe-v.Tf  r elnSny  7jlZZl 

time  /If  “ ' ^ ’tttt  process,  we  determined  what  the  requirements  really  were  for  nrecise 

:i  I'-;  “ —s 

cZ* ''Th^'I”- “"'inhotsly  improving  the  Master 

S'The  Jlr  5^;TThTh:iii'HVTo7r'ir\“ rr  ^ 

masers  which  have  been  incorporated  into  the  time  sca“Vhe“bIeI'’»mmem'?  S°*say 
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..  . S;— JTus"oVr."" 

improvement,  is  largely  due  to  t e ^ ^ ^ providing  accurate,  precise  time, 

K.,w ......  ,K» 

It  doesn’t  do  us  any  good  to  have  two-way  satellite  time  transfer  (Figure  4) 

job  that  they  were  designed  to  do.  . „ u 

We’ve  been  using  the  Defense 

eat, ^ the  „f  - -b.tio„  .np. 

Now.  with  tegard  to  sonae  of  ThVSt 'Legato' plan*  ' Vht'  “elren^I 

to  the  people  who  need  it.  We  di  8 UTC(USNO),  the  same 

both  the  FAA  wide-area  augmentation  system  and  y 

With  regard  to  the  GPS  monitor  station 

at  each  of  the  GPS  monitoring  of  an  independent 

immediately  if  they  have  a problem,  performance  with  the  monitor  station  timing 

timing  signal  with  which  “ “™P»« “ rikrbTmme  about  that  later  on,  as  well. 

SipmtnrZirhl^Ca^^^ 

also  continuing  worldwide. 

bo  fr.r  ’Q4  tFieure  6Y  The  NATO  standard  agreement. 
Continuing  on  with  accomphshraen  interface  for  NATO  was  signed.  It  uses 

STANAG  4430,  on  precise  time  and  frequen^  ^nIto  operaU^  In  support  of  DISA 
UTC(USNO).  tied  to  the  BfPM  as  the  standard  for  N^O  o^rabo  ^ 

and  the  DSCS,  as  LORAN  ,s  sh.ftmg  &»■"  ^ » Europ 

USNO  is  helping  to  coordinate  the  timing  sig  transition  period, 

particularly  in  the  European  area,  is  to  provi  e maintained  without  interruption 

I ensure  that  timing  - again,  particularly  ™ ,„,„ed  to  the  Defense 

until  alternate  sources  are  P'“"‘‘^‘*.  be  maintained  to  a standard  time. 

- - - - - “ - “ 

provide  a standard  to  compare  their  time  to  ours. 
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hJl  *at  I wish  to  stress  is  the  fact  that  what  has  been  accomplished  has 

been  done  in  the  face  of  DoD  downsizing.  Our  resources  are  really  getting  smaller  One  of 
the  keys  to  being  able  to  accomplish  those  things  that  I showed  for  ’94  hav^  been  the  people 
who  have  been  involved  in  the  programs,  and  their  efforts  to  get  the  job  done,  and  to  do  h 
on  ^ shoestring,  so  to  speak.  Keep  m mind,  as  we  will  talk  a little  bit  about  these  things  later 
hardL^r  downsizing  reduction  in  the  funds  that  not  only  buy 

these  f t ‘he  number  of  people  who  are  able  to  perform 

line  ions.  And  it  s really  vital  that  the  folks  in  this  room  carry  the  message  of  PTTI. 

Some  of  the  functions  and  objectives  of  the  PTTI  manager  are  shown  in  Figures  7 and  8 

IniHr  '"w  ■ ^ h hack  this  year^because  it  still’ 

fo  terth^r  PTTI-  We’re  doing  that  and  working  continuously 

li^dar^fofZe  I ’t  •"  navigation  systems  need  to  be  tied  into  one 

and  have  rhernff  h"""  have  two  timing  standards 

and  have  them  off  by  even  a few  nanoseconds.  It  would  just  create  a nightmare.  And  again 

most  of  you  in  here  appreciate  that.  But  we  really  need  to  get  that  message  to  the  program 
managers  and  project  managers,  both  in  the  commercial  market  as  well  as  in  the  DoD  and 
ensure  that  they  pay  attention  to  the  timing  signals  within  their  systems. 

The  requirements  process  which  we  went  through  last  year  did  a good  scrub  on  the  requirements 
But  I II  guarantee  you  that  thereare  many  that  have  emerged  since  then  that  we  are  not  aware 
of  and  have  not  begun  to  even  look  at  in  terms  of  their  impact.  The  most  stringent  requirement 
hat  came  out  of  that,  potentially  a future  requirement  at  the  100  picosecond  (“ps”)  level  If 
we  re  going  to  push  to  that  level,  certainly  the  Observatoiy  needs  to  have  a tenfZ  better 

P*  ‘hose  customers.  We 

aren  t there  yet.  We  need  to  get  there. 

W ‘h^  ion  device  - we 

It  IS  still  an  R&D  effort.  We  are  still  not  certain  exactly  whether  the  mercury  ion  device  is 
the  device  of  the  future  or  will  allow  us  to  approach  that  100  ps  level.  But  again,  industry  is 
looking  m that  direction,  and  I think  we  will  push  that  technology  edge  here  in  the  near  future 

Adequate  infrastructure  support  is  really  a problem  in  the  downsizing  world.  As  I alluded  a 
httle  earlier,  our  dollars  that  were  there  two  or  three  or  four  years  ago  are  not  there  now  We 
^ntinue  to  decrease  and  lose  funding.  We  aren’t  seeing  the  impacts  yet;  the  5071s  are  brand 
new  clocks,  and  there  is  very  little  maintenance  required  for  them.  But  in  the  out  years  I have 
wncerns  on  the  funding  levels.  Will  we  be  able  to  maintain  the  infrastructure  andZe  number 
of  pieces  nece.ssaiy  to  keep  the  Master  Clock  ensemble  accurate  as  well  as  reliable? 

Concerning  the  utilization  of  PTTI  resources:  We  work  very  closely  with  the  GPS  in  two 
ways,  operations  and  development.  We  need  to  continue  similar  cooperative  efforts  for  PTTI 
resources  in  other  areas  such  as  fleet  support  and  planning  conferences.  There  is  also  a 
p cular  problem  in  the  training  area.  The  training  in  precise  time  and  the  ability  to  maintain 
in  at  the  various  stations  is  a concern.  In  all  of  our  training  course^  particularly 

Is  vou  can’  T'  P'^’P**^  through  as  quickly 

y can.  Timing  is  certainly  one  of  those  things  that  is  frequently  overlooked.  It’s  an 
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We  will  continue  to  try  to  strengthen  the  training 


issue  with  which  we  continually  do  battle, 
opportunities  in  PTTl. 

stsssligiiii 


a reality  at  the  Observatory. 
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QUESTIONS  AND  ANSWERS 


MR,  KEATING:  This  is  not  so  much  a question  as  a comment.  I just  want  to  reiterate  Cant 
Blumberg  s about  training,  because  I have  actually  listened  to  sole  rn^ersatas 

telephone  to  remote  locations  such  as  Hawaii  and  the  Far  East.  And  when  you  tell  a 

L' other" eT"  “’’‘I''  "■  50  percent  of  the  time  the  person  on 

Ihar  ^ ‘'"=  =’“'<=•  opposite  direction  And  while 

a disMer  sl  "yi"*  <o  maintain  timing  synchronization,  that's 

trailtag  Ifyoul  pelpTl  ‘"e  need  for 


RAYMOND  CLAFFIN  (CLAFFIN  ASSOCIATES);  Do  you  see  in  the  new  Congress  any 
chance  that  this  type  of  scientific  militao.  endeavor  is  going  to  receive  any  additional  funding’ 
Because,  yoiir  needs  really  aren't  as  big  as  that  of  some  of  the  other  programs.  ' 

lid  don'fl'ym  * ttto  "ot  as  big  as  other  programs 

we  win  slf  the  Don  h H k"'"  P™*™”"*  tlo  get.  But  1 am  a little  optimllfc  that 

Zee  ^ K ? ® '°"S  it  will  take  and  at  what  point  it 

does  really  l^nefi,  us  is  a real  question  mark.  I mean,  we  have  some  serious  problems  alls 

the  board  within  DoD  in  terms  of  funding  capabilities  of  getting  our  ships  to  sea,  getting  them 

®r?"f  A"<i  unfortunately,  as  I mentioned  farlier, 

lln  it^  ouMe  u°  ‘™“  ‘'>'‘"8  8«  «>inss  done.  And  so, 

again,  our  role  in  here  as  program  managers,  certainly  my  role,  to  promote  timing  with 

my  resource  sponsor  and  get  him  to  promote  within  the  Navy  and  the  DoD  to  try  to  get  the 
additional  funding  we  need  to  get  on  with  it.  ^ ° 


So  in  answer  to  your  question, 
But  I at  least  feel  that  we  have 


I don’t  know  specifically  whether  I can  be  optimistic  or  not. 
an  opportunity  now  to  fight  for  a small  share  anyway. 
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Precise  Timing  Applications  at  the  Defense  Mapping 

Agency 


Stephen  Malys 
Defense  Mapping  Agency 


cases.  DMA  s prJLs  id  0»»  caDamers.  I„ 

»yiffcw  this  myriad  of  products  and  services  tJoDMA  ^"f«’’'^ional  organizations. 

"iccipu^T^ZZ 

rcS^ie::^Lz'"‘‘Zr'm,  7^;^'^'  (gp*, 

esfima/cs  /or  the  GPS  satellites  This  nr  a generated  precise  ephemendes  and  clock  stale 
in  place  at  fire  DMA  anTfiTAlXrZ  cpsZ^  •“»'»«  »-“"<•- 

revtlres  rantine  knonUdee  Tui  dtffZZ  h nn  T 7““'  aUo 

Ea»h’s  rotation  rale  wTl)  Zttf  nZA  n Ti„.  (UTC)  and  the 

discipline  ptgrarimelru  peodesr  In  A ^ccise  liming  Jails  under  llie 

Srorilj  obserrollons,  DMA  aUo  coUeels  metZtrZnetas'TT  tT^  (reUttire) 

Earth’s  land  surface.  These  absolute  eravitv  h solute  gravity  at  discrete  points  on  the 

(an  absolnl,  grill,  Ji!r  ‘ 

an  integrated  rubidium  frequency  standard  whi  ^ object.  This  instrument  employs 

applications  of  precise  timing  are  reviewed  and  dilusse^ 
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employed  System  (GPS),  DMA 

This  „n  A .hen  ieLtaed  i Septel^^'C'^  f *«““■ 

These  tracking  stations  used  either  the  hSx  sif  nsT  Wroxtmately  40  stations. 

In  this  network  application  both  receiver  ^ ^RANET  II  receiver, 

precise  timing  source.  The  satellites  tracked  bv  th^*^  ™ frequency  standards  as  a 

MHz  'Beacon-  signals.  The  C’  T^sr^^nd  gSTat 

widely-known  examples  of  DoD  miss^h  ,.  ?•  P™*’*'’')'  «’>= 

Perhaps  one  of  the  Ces,  “ iTecZH  1 ' m""  ^^PP'"  network, 

frequency  standards  associated  with  the  DMA  EtoDDter”net^T*h  O'ganization,  the 

other  applications  within  the  DoD  SoL  ofl^^e'^f  '« 

units  to  the  DMA  GPS  monitor  stations.  ’ standards  now  serve  as  backup 
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• timino  devices  in  the  geodetic  exploitation  of  GPS  and  in  a 

PRECISE  GPS  ORBIT  DETERMINATION 

U f . rps  mnceot  is  based  on  our  ability  to  precisely  measure 
As  most  GPS  users  know  the  entire  describe  the  GPS  concept  to  new  users 

time  and  time  interval.  A comm  p , on-board  cesium  and  rubidium  frequem^ 

of  this  technology  is  ‘clocks  in  spa  _ elsewhere,  the  clocks  on  the  ground  at  the  DoD 
standards  have  been  studied  and  e.  component  of  the  GPS  constellation  and  will  be 

GPS  monitor  stations  are  also  an  imp  P^,^ce  and  DMA  tracking  stations 

discussed  in  some  detail  here.  e g nseudorange  data  collected  by  these  stations  are  used 
is  shown  in  Figure  1.  The  ‘smoothed  parameters  on  a routine  basis, 

in  the  DMA  orbit  process  to  5 Operational  Control  Segment  (GPSOCS),  the 

Unlike  the  estimation  process  used  at  tion  of  a ‘master  clock’.  The  offset 

DMA  orbit/clock  estimation  J ^ to  ‘GPS  time’  is  held  fixed  during 

and  drift  (phase  and  frequency)  of  this  master  P synchronized  and  syntonized 

the  estimation  process.  Because  the  subsequently  adjusted 

- .He  ops  -^.^posue  CoC.  a .e..,ed  description  o, 

the  GPS  composite  clock  is  given  in  Brown  [1  . . r u ■ u 

j to  eliminate  the  complication  of  choosing  a 
To  provide  additional  geographic  coverag  DMA  station  is  being  installed  at  the 

„.asLr  clock  for  each  weekly  processing  DMA/uInO  station  will 

US  Naval  Observatory  (USNO),  oca  e DMA  stations  (Figure  2)  with  one  important 

consist  of  hardware  which  is  identical  o o ^ ^^cy  standard,  this  station  will  employ 

exception.  In  place  of  the  ustml  single  time  standard:  UTC  (USNO). 

the  USNO  atomic  clock  ensemble  which  "“PP  ' tracking  data  collected  by  this  station  will 
Beginning  in  mid-1995,  the  conbnuous  ^ it,  extremely  high  reliability, 

be  used  in  the  DMA  orbit/clock  clock  in  the  DMA  process, 

the  USNO  clock  ensemble  will  serve  as  P because  GPS  time  is 

The  empirical  adjustment  If  the  adjustment  procedure  is  not  performed 

not  completely  synchronized  with  UTC(US  ^^^ith  respect  to  an  extrapolation  of 

the  DMA  satellite  clock  estimates  would  Of  course,  the  magnitude  of 

UTC(USNO)  based  on  a particular  eP^^h,  r th  between  UTC  (USNO)  and 

these  adjustments  is  commensurate  with  the  level  of 
GPS  time,  currently  on  the  order  of  10  nanoseconds  [NRL,  19951. 


UTl-UTC 

Any  precise  orbit  determination  process  requires  the  ^PP“^"  f ^ 
an  Earth-Centered,  Earth-Fixed  (ECEF)  reference 
an  Earth-Centered  Inertial  (ECI)  Reference  Frame  (such  J2000). 


transformation  from 
DoD  applications)  to 
This  transformation 
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inco  .he  ECEF  to  ECl  .Lsftmarn  T„  , , ‘ <'^1'')  d'Tealy 

DMA  genera.es  weekly  predictions  of  uyf  “ 

referred  .„  as  Earth  oLi;.a.irpLti™ 

generated  ,n  conformance  with  an  Interface  Control  Doc  Lent  fVo  cP^^nr'^  h “"u 

on  weekly  Bulletin  A’  International  Earth  Rotation  Se«  ^^  FL^?^  ^ ^ 

supplied  by  the  USNO  Earth  Orientation  Division.  ^ '"fo™*'”" 

^-e  occurred  over  the  las.  few 
seconds,  GPS  and  other  practical  orhi.  “™Pl'“<''’n  of  leap 

advancements  in  con  e t w r ^ |se  o!  d^T^  "> 

of  the  1 IT1-1  iTr- . r | Knowledge  of  the  Earth’s  rotation  rate.  The  predictabilitv 

absolute  gravity  measurements 

a few  microgals  H microeal  - 1 x in-^<  ^ ^ gravity  observation  accuracy  of 

=n£"“^ 

be  accurate  a.  a level  of  1 par.  in"owTN.^banr™94)  “ Whde  Ih"*'" 

o7r  rs.rt:etiT,r  ar'T'T'^-  z 

these  absolute  gravity  m«em  T^hnoloT  "Mespread  use  of 


SUMMARY 

The  first^lrel^e^^vefTrornd  precise  GP^o^rbit  standards, 

a sixth  DMA  (-P<j  ■?  precise  GPS  orbit  and  clock  estimation.  To  assist  this  process 

milT9«  The  ^nT",  [ ^*^0  in  Washington  D C.  i„’ 

station’.  Additionally °he  USNO’sEar°.h  .“7',“*  fo^  DMA  ’master 

Earth  Orientation  Division  will  continue  to  supply  the  basic 
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observational  data  on  the  variation  of  the  Earth's  rotation  and  its  polar  motion. 

f nMA’s  mission  which  requires  atomic  frequency  standards  is  the  measure 
The  second  area  of  DMAs  transportable  absolute  gravity  meters 

ment  of  absolute  gravity  on  the  Earth  _ P intervals. 

developed  in  the  US.  Advancements  in  the  de- 

»m"rflre.Tlller,  easily  portable  ab^Me  gravity  m^  ^XVmt'amrlZrS 

rrte“ — 

meters. 
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Figure  1 


DMA  GPS  Monitor  Station 
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Figure  2 


QUESTIONS  AND  ANSWERS 

kr„r:  i:;  tr^  “ -■  - -- 

S:“"-"-‘ 

PETER  WOLF:  And  that’s  affected  by  SA  in  new  data? 

STEPHEN  MALYS:  Well  we  remove  SA;  we  have  a facility  to  remove  it. 

measurements  have  a first  order  correction 

;:„t  trr.  tr ""  ^ 

‘ T"  ' “""t  "’  ' k-"™  'hat 

=£“E;-hs:~ 

«e"cZ:;:  “ 
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Navy  PTTI  Report 


CDR.  JIM  BURTON 
United  States  Navy 


Abstract 


The  US.  Naval  Observatory  is  charged  under  Department  of  Defense  (DoD)  instruction  5000.2 
with  the  responsibility  for  maintaining  the  timing  standard  in  support  of  all  DoD  operations. 
Accomplishment  of  this  task  involves  generating  a time  reference  and  then  disseminating  the  Precise 
Time  and  Time  Interval  (PTTI)  information  to  users  within,  as  well  as  outside,  DoD.  A major 
effort  has  been  undertaken  by  Navy  scientists  in  recent  years  to  upgrade  and  improve  these  services. 
Understanding  the  characteristics  of  atomic  clocks,  such  as  hydrogen  masers,  cesium  beam  frequency 
standards,  and  stored  ion  devices,  is  a prerequisite  for  modelling  their  performance  and  developing 
the  most  stable  time  reference  possible.  AlgorUhms  for  optimum  clock  ensembling  and  precision 
clock  steering  must  be  developed  to  ensure  the  stability  of  the  time  reference.  Implementing  new 
methods  for  time  transfer,  such  as  two-way  satellite  time  transfer  and  laser  ranging,  will  lead  to 
improved  accuracies  to  lass  then  ons  nanosecond.  In  addition,  the  determination  of  astronomical 
time  based  on  the  Earth’s  rotation  and  definition  of  parameters  for  the  position  of  the  poles,  enable 
the  correction  of  the  dynamical  reference  frame  of  Earth-orbiting  satellites  to  an  inertial  reference 
frame,  which  is  needed  to  improve  the  precision  of  satellite  orbUs.  Current  and  planned  initiatives 
***  TTTI  within  the  Navy,  such  as  those  listed  above,  are  described. 


It  is  a great  pleasure  to  address  you  this  morning.  I’m  Jim  Burton.  I’m  the  GPS  Action  Officer 
for  N6  and  I am  the  U.S.  representative  to  a NATO  subcommittee  on  navigation.  Ron  Beard 
is  also  a member  of  this  NATO  subgroup.  Today,  I will  talk  very  briefly  about  Navy-funded 
initiatives  concerning  work  in  PTTI  (Figure  1). 

There  are  three  major  achievements  which  I will  address  today; 


a)  the  GPS  monitor  station  upgrade; 

b)  the  technology  transfer  of  the  modem  that  NRL  developed;  and 

c)  the  USNO  Time  Service  Substation  being  rebuilt  in  Florida. 

First,  the  GPS  monitor  station  upgrades  (Figure  2).  When  the  upgrades  are  completed,  each 
monitor  station  will  be  an  ensemble  of  three  cesium  clocks,  one  of  which  will  be  a standard 
that  s connected  to  the  USNO  through  a two-way  time  transfer.  As  we  collect  the  data  from 
this  ensemble  and  compare  it  to  the  existing  operations,  it  will  enable  us  to  better  model  the 
clock  rate  errors  and  separate  the  clock  and  ephemeris  errors  a little  bit  better  than  is  being 

done  right  now.  This  is  all  part  of  Navy  initiatives  to  improve  the  accuracy  of  GPS  and  the 
integrity  as  well. 
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With  the  third  clock  that  we’ll  be  installing  in  each  of  the  monitor  stations,  we  11  have  he 
capability  to  work  independently  of  the  two  clocks  that  are  currently  operating  hm  the 
monitor  station.  But  even  if  it’s  operating  independently,  it  will  enable  us  to  gather  the  data 
and  do  the  diagnostics  to  better  model  the  system  for  accuracy  improvements  in  the  future. 

Secondly  NRL  developed  a pseudorandom  noise  time  transfer  modem  (Figure  3)  for  basic 
requirement  of  providing  a communications  capability  besides  just  passing  time  pulses  b^k  and 
forth  through  the  modem.  It  also  gets  a U.S.  vendor  into  the  market,  so  we  arc  not 
vendors  from  Germany;  now  we  have  Allen  Osborne  and  Associates  as  the  American  vendor. 

Finally,  concerning  the  restoration  of  the  USNO  Time  Service  Substation  (Figure  4)  which  was 
destroyed  in  Hurricane  Andrew,  a couple  of  years  back,  it  is  basically  restore  _ 8^’  8 

through  the  final  stages  of  testing  before  it’s  back  on  line  as  a fully  certified  backup. 

Since  I’m  here  to  replace  Dave  Markham,  who  was  not  supposed  to  be  here,  I will  be  happy 
to  answer  any  que.stions  - or  at  least  point  them  in  the  right  direction. 

DAVE  MARKHAM:  Let  me  elaborate  on  Cdr.  Burton’s  last  comment.  Those  of  you  who 
didn’t  hear  the  story  yet,  I was  supposed  to  be  in  Bahrain  today.  But  unfortunately  through  a 
tnafu  ’ as  we  sayl  the  Navy,  my  orders  and  tickets  were  withdrawn  and  I’m  here  instead. 
He  was  gracious  enough  to  stand  in  for  me  and  give  the  presentation  that  I was  supposed  to 
give.  So  I thank  him  and  I appreciate  your  support,  Jim. 
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STATUS  OF  PTTI  IN  THE  U.S.  AIR  FORCE 

Howard  A^Hopkins  and  Robert  E.  Blair,  Jr. 
iJirectorate  of  Metrology 
Newark  Air  Force  Base,  Ohio 


by  a network  of  Precision  Measurement  Equipmentl^bTJ  maintained 

within  guidelines  established  at  Newark  Air  ForrP  R (PMELs).  These  PMELs  operate 

bration  Program.  What  will  happenZthe  pZam  Z'  Ca/i- 

« victim  of  government  downsizing?  Tht  paper  T 

contractor  on  sUe  to  perform  the  same  ZrkJ^^  til  1 fT"""  ‘ 

discusses  the  reasons  for  privatization  and  Wfa 

importantly,  it  considers  the  problems  involved  and  Zlotf  1 

support  throughout  the  Air  Force.  * Potential  impact  of  privatization  on  timing 
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include  tracking  sStes'in  ^ applications.  These 

test  ranges,  radar  warning  systems,  Ld  otLr  eirctronic"s  networks, 

t^^nie  support,  these  activities  rely  on  timing  eauiDmfnf  rh  programs.  For  precise 

base  Precision  Measurement  Equipment  Lablaforv  /pM^Tn  by  their  local 

and  Calibration  (AFMETCAL)  Program  PMEI  s^li  Metrology 

r«po„s,„„i.,  p„.,e  p.ec.e  .i.e  and', “ 

NEWARK  AIR  FORCE  BASE  FUNCTIONS 

The  Directorale  of  Metrology  fMLl  located  at  th..  a 

(AOMC)  at  Newark  Air  foL  Ba  r Ohio  and  Metrology  Center 

twenty-aeven  PMELa  selected  to  toeeMhaJ  InTI'hr,  ‘"‘=  ^ -PP°"  at 

.he  AFMETCAL  Progrant,  ML  ptowLf  1,7pm*p; ri"‘‘  °f 

equipment,  calibration  procedures,  and  managernem  dLa  it  I t standards  and 

ml  analyzes  new  calibration  requirements  aL  nrovft  ^ important, 

assure  that  PMEL  support  for  PTTI  is  in  place  when  planning  function  to 

ass, stance  to  a„  PMEU  throngh  Its  staff  ofengint: 

of"rrp!:r"rp:2^: 

“on  (FJKS).  Using  the  common-view 
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.u  I States  Naval  Observatory  (USNO). 

technique,  the  station  interfaces  p„,Moning  System  (OPS)  satellites  and 

ml  receives  timing  data  continuously  from  Glob  ey 

the  LORAN-C  system  and  compares  t with  8 ' ,^^5  j adjusts  the  master  standard 

standard.  Each  day,  the  USNO  pventy  nanoseconds.  ML  owns  two 

to  maintain  a reference  the  master  standard.  Having 

additional  cesium  standards  which  it  tr  8 *hich  may  occur  in  the  PTRS. 

is  useful  in  identifying  the  cause  of  any  system  P 

ML  has  provided  a Precise  II™"  “p^^As  ^ standard,  OPS  receiver,  LORAN-C 

sibility  for  timing  sup]»rt.  The  ^ ^ maintain  a time  reference  without  “^iMna 

receiver,  and  the  to  maintain  its  PTRS--  First,  the  PTRS 

support  from  ML.  What  then  ■»  standard  for  Time  and  Frequency.  Us  ng 

provides  what  is  officially  recognized  ™ „„icldy  to  any  PMEL  or  remote  site 

Mrtable  cesium  standards,  this  reference  c caused  by  man  made  or  natural  disasters. 

?:res.ore  service  lost  to  ™ 

Secondly,  the  PTRS  serves  as  an  J 0„^  these  is  the  Technical  Repair  Center 

Base  which  require  a precise  frequency  refer  ^ ^ activity,  located  in 

for  precision  frequency  standards,  ^ services  for  cesium,  rubidium,  and  other  types 

the  Directorate  of  Maintenance,  ^ ^ ,t  the  Air  Force.  A third  use  of  the  PTR 

base  closure 

over  the  past  two  years,  the  draw 

Air  Force  Base.  In  June,  1993,  the  Ba  ® B September,  the  closure  was  signed 

added  Newark  to  the  list  of  ^Thc  closing  date  established  as  an  Air  Force 

by  President  Clinton  and  approved  by  Congress. 

goal  is  1 October,  1996.  .^^uled  to  close,  Newark  is  dilferent  in  one 

While  many  DOD  installations  have  recognized  as  work  that  must  continue 

respect.  The  workload  being  performed  t Newark^  g^^  ,, 

to  be  performed  there.  Even  though  it  accomplish  the  same  workload, 

still  a requirement  to  keep  the  faci  ity  ope  concept  of  privatization  in  pla<:e. 

To  accomplish  this,  the  take  over  the  same  facility  and  equipment  used  by  t e 

Essentially,  this  means  a workload  as  the  Government  does  now_  Th  s 

Government  and  continue  to  „ I,  the  contractor  expected  to  buy  the  facility 

all  becomes  complicated  by  questions  such  as.  a.  t^^^tor  pay?  c.  Will  the  contractor 

and/or  the  equipment?  b.  work  force?  d.  Who  will  ensure 

be  able  to  retain  the  expertise  P These  issues  and  many  more  are  g 

the  contractor  provides  adequate  bids  are  being  prepared, 

addressed  now  as  a statement  of  work  and  request 

The  Directorate  of  Metrology  presents  an  (Officials  were  able  to  convince  first, 

tX-  F^  r ” /urn  Ezeculive  Ovoup  in  W.hiugfou 
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P.C.  that  specific  functions  of  the  AFMETrAl 

These  functions  are  calibration  procedure  man^o^  ^ i ^'^^‘^'■nment  functions, 

budgeting  and  acquisition.  The  remaining  ’ ‘^^^tification,  and  equipment 

procedures  and  all  elements  of  the  Air  Force  Me^"'’  Preparation  of  calibration 

privatized  in  place.  This  latter  category  ^Ld^^  Laboratories,  will  be 

Precise  Time  Reference  Station.  ^ ^ ^ ^ laboratoiy  group  responsible  for  the 

the  Air  Force^PMELf  At  ^Ws  po^t^  have  on  PTTI  support  for 

decisions  are  subject  to  change  at  any  time  We  know V’  certainty.  Even  major 

fiscal  year  with  three  new  cesium  stand^ds^  neTcPS 

computer,  and  other  associated  equipment  At  this  ti  ^ '"'crcal  counter,  486 

over  to  the  privatization  contractor  as  government  ftirnTsh’ed  ' '* 

What  wilt  ha„  .u  a government  fttrntshed  equrpment  when  the  base  closes. 

the  interaction^of  the"conrractoV'S  the  rem'ahttag’''’''"^  '“"'raptor  and 

contractor  will  want  to  retain  the  present  Feder^wLf 'he 
possible  in  some  cases  and  not  in  others  be«,  "'’*e's  as  much  as  possible.  This  may  be 
how  close  to  retirement  is  the  p rso^^How  “ -'nation.  For  example, 

he  want  to  stay  in  the  local  aLT  The  TO^s  VIrtT"'' 

well  in  providing  employees  other  job  opporlunitier^V  '"“'''ing  too 

closes,  there  may  be  no  expertise  left  10^160  By  the  time  the  base 

one-year  transition  period,  beginning  ] October  1995^d^^*  u supposed  to  be  a 

he  expected  to  train  the  contractors  to  take  over  thefr  fob*,  "'to  Pcsonnel  will 

some  interesting  insights  to  human  behavior.  t^xpenence  should  provide 

'hey“ r:S:;ir':ttfo  frl'  Nr^l^oJ  a^^a^b^- ‘’‘TnJ 

the  impact  on  PMELs  may  be  limited  to  the  woblem  of  ,“n  'his  area, 

The  impact  at  home  may  be  much  worse  /accurate  Being  available, 

aistoraers  and  new  equipment  cannot  be  tested  with  any  vahdi'ty' 

c.^mrl,e"fwh/rely  on  tt7aock  Sho^  asked  by  those 

looks  like  the  Cloc'k  Shop  wh^remafo  L Ah  Fo™  'Point?" 

Force  depots.  If  that  haonens  if  ih  i function  and  transfer  to  one  of  the  laree  Air 

well  with  the  reference  available  through  GP?TailT  thT"? 

could  become  a problem  if  that  activity  is  retoc^ed  ^^op 

OTHER  ISSUES 

r™  is  the  formal  training 

School  located  there  was  moved  to  Keesler  Air  Fori  Po'“  Base  m Colorado,  the  PMEL 
.he  PTTI  Course  is  still  being  taughrat  foe  fo“i““  - - hnow, 

A hnal  issue  being  addressed  now  is  the  loss  of  the  overseas  LORAN-C  chains  as  the  U.S.  Coast 
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0„a.  ...  o,e.  CO..O,  .o 

bases,  beyond  those  having  the  PTFC,  Liability  under  the  host  country  arrangement, 

c:::.  - 

their  requirement  for  LORAN  C. 


SUMMARY 


PTTI  in  the  Air  Force,  we  see  the  closure 

Stepping  back  for  a broad  look  at  the  issues  a j problem.  Uncertainty  surrounds  the 

"f  Kk  Ai,  Force  Base  as  .he  -'f  ^ “^J^r^irlrtaplememed  a.  Newark.  Planners 
whole  concept  of  ptivatiza.Ton  in  pla  contractor  environment  but,  at  the  sam 
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QUESTIONS  AND  ANSWERS 

WILLIAM  WOODEN  (DEFENSE  MAPPING  ArF^rnv^  rc  * u 

r;:  Of*.;:;!::” 

ixr  ::r;- “ ?:  ,“ 

unffl’o" tJerTf  this^ye^^  “V''°  T'"'' 

manager.  So  , don',  /„ow  if  , wo,.,reve ' root  L:ZllZ‘~  “ 

But  I would  certainly  hope  that  there  needs  to  be  something  in  there  to  guarantee  that  the 
Air  Force  ,s  going  to  continue  getting  what  it’s  paying  for.  guarantee  that  the 
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WORKSHOP  1;  REAL  WORLD  USER 

requirements 


Some  of  the  problem  areas  discussed  were; 
• Incomplete  specifications  from  users. 


ser  either  doesn’t  know  enough  about  the  subject  to  give  complete 
specifications  or  is  not  capable  of  generating  the  necessary  specifications 

res'uk.'  complete  specifications  as  a 

• Incomplete  specifications  from  suppliers. 

The  suppliers/manufacturers  usually  supply  the  basic  generic  information 
nerfC  ^he  user  to  be  able  to  ask  the  specific  questions 

^ application.  Many  users  are  unaware  that  other 

(non-standard  and  usually  not  tested)  specifications  may  be  available  at 
an  increased  cost  that  will  make  the  unit  under  question  fit  his  application 

user  I-  communication  between  the  suplier  and 

LZ:  1 r fPP  ‘he  possible  trouble 

on  by  careful  questioning  of  the  user  as  to  the  exact  application. 

As  a result  of  the  above  problem.s,  these  actions  should  be  taken; 

'■  -d  as., is.  .he  „ser  in  genera.ing 

2.  User  misimderstanding  of  specifications  and  applications  should  be  educated  either  bv 

are  tne  MIL  SPECS,  PTTI  Procedings,  PCS  Procedings,  etc. 

environmental  problems  as  vibration  is  often  missing  Since 
this  da  a ,s  usually  missing  from  data  sheets,  the  user  forgets  about  it  espedaUv  sZl 
his  application  is  in  a “non-vibrating  environment”.  Suggestion  is  for  the  supplier  L give 

level's  fo/ typTcal’end^^^^^^^^  ^‘hration 
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Another  problen.  .ha.  was  b.ongh.  ou.  was  .he 
an  ins.aUa.ion  with  long  cable  n,ns  b 

fX":™UrbCof“;ldai  -^“whic'h  have  “'.“Tp:"'-  be'  Sltfe 

.r:v:;;C=:  - --- . 

appears  to  be  a worth-while  suggestion. 
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WORKSHOP  2;  USER  ENVIRONMENTAL 

EFFECTS 


* Sard  Frtqln^  EnvRonmental  Sensitivities  of 

early  1995.  ^ should  be  available  to  the  general  public 

Resol, „fo„  often  reqnires  expensive 
• The  following  suggestions  were  made: 

' Wc^lTnTsTee  Zn  -vironmen,  for  ,he 

and  Ihe  environmemtf  lhet;sir™tseir‘'  ■•=”P-=ra.nres.  e,c.) 

- Manufacturers  to  ask,  in  a guiding  and  systematic  way  (develop  a “questionnaire”'! 
smaller  using  a different  failure  criterion. 

Eclipse  .riggers  .he 

.o  prior  eclipse  dS  frl  t la^e  “tk  Thn^Lr'""''''' 
be  usefnl,  in  general,  as  a predictor  for  latent  WhardwT^faZreT 
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Workshop  3:  Real  Time  Automated  Systems 


Definition 

Provides  time/frequency  to  user  specification  in  real  tune 

• May  have  historical  calibration 

Do  not  require  frequent  operator  action 

• No  full  time  operator 

. May  be  fully  unattended  or  remotely  controlled 
Typical  applications  include 

• National  time  scales 

• Remote  time  stations 

. Imbedded  part  in  Military  systems  and  Telecommunications  systems 

Performance 

• Time  Accuracy  - typically  100  nsec  or  better 

• Frequency  accuracy  - 10“”  or  better 

A f in — ^3  of  1 second  to  10  at  1 day 
. Frequency  Stability  - as  good  as  10  at  1 secona  lo 

. Usually  require  synchronizarion  to  nalioual  staudarri  via  GPS  or  2 Way 
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Measurements 

• Accurate  time  tagging  of  measurements  very  important 

- Use  telephone  or  network  time  sync  for  control  computer  time 

• Measurement  system  must  produce  quiet,  unambiguous  measurements 

- RF  (5  MHz)  measurements  preferred  over  tick  measurements 

- IPPS  measurements  problems  are  rise  time,  triggering,  cable  length 

Distribution  Systems 

• Environmental  effects,  temperature  & humidity 

• Use  of  high  quality  cable  and  connectors 

• Greater  than  100  db  isolation  between  ports  including  output  to  input 

• Widely  distributed  systems  such  as  communication  networks  have  special  problems 

Robustness 

• Small  errors  should  only  cause  small  problems 

c.g.  loss  of  1 device  shouldn’t  kill  the  system 

• Computer  needs  stable  operating  system  and  user  software 

' to  avoid 

• Use,  equipment  driven  from  real  time  systems  should  be  tolerant  of  small  output  glitches 

• Robustness  is  difficult  to  specify 

— Depends  on  user  environment 
— Hard  to  think  of  everything 

Maintenance  and  testing 

• Box  level  field  maintenance 

- Hardware  is  too  complex  to  fix  in  the  field 

• Built  -in  test 

• Remote  diagnostic  capability 
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The  mtemational  transatlantic  time  and  frequency  tranter  experiment  was  designed  by  partici- 
pa  mg  laboratories  and  has  been  implemented  during  1994  to  test  the  international  communications 
path  involving  a large  number  of  transmUting  stations.  This  paper  wiU  present  empiricaUy  deter- 
mined  clock  arid  time  scale  differences,  time  and  frequency  domain  instabilities,  and  a representative 
poH>er  specjral  density  analysis.  The  experiments  by  the  method  of  co-location  which  will  allow 
bsolute  calibration  of  the  participating  laboratories  have  been  performed.  Absolute  time  differences 
and  accuracy  levels  of  this  experiment  will  be  assessed  in  the  near  future. 


INTRODUCTION 


The  1994  Eiiropean/U.S.  transatlantic  two-way  satellite  time  and  frequency  transfer  fTWSTFTl 
experiment  was  designed  to  test  the  international  communication  path,  the  transfer  of  time  and 
frequency  between  a large  number  of  timing  laboratories,  the  calibration  accuracies,  the  non- 
reciprocal  satellite  delays,  the  estimates  of  time  and  frequency  instabilities,  and  the  exchange  and 
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pressing  of  .he  da...  The  geos.a.iona.y 

307  degrees  Eas.,  has  been  .,sed  ‘I- -™«ad.  OeUny)  »,  USA), 

par.icipa.ed  in  .his  experimen.  are.  ( France),  PTB  (Braunschweig,  Germany), 

.To^or^r"):  -“>■  - 

experimenls  were  condiirted  on  1994  February  4 (MJD  49387,5). 

Many  papers  exis.  in  .he  ,te“wWe'^and“LmmuX^^^  Hnks  used  on 

:r'^i:rge:.aT„nr;*^^^^^^ 

.he  many  papers  in  .he  li.era.ure  for  gave  an  ove.iew 

25th  Annual  PTTI  meeting  Gernt  de  J g „,.nerts  data  formats  and  related  details 

7.re  S :pf=rS^tB  :^Lna.Ua.  „mmunica.ion 

z SibS"^^^  hLiruSran 

Mo1£  source  for  Lnagemen.  of  reai-.ime  .ime  and  frequency  resources. 


INSTABILITIES  AND  NOISE  PROCESSES 

Figure  1 shows  an  example  USNO(MC2)  is  the  real-time 

VSL(HP507.A)  ome  ^3  whteh  is  sfeered  by 

realization  of  uTC  (UbMu;  y 6 oeneral  a white  noise  behavior  is  noticed, 

small  daily  frequency  changes  in  its  syn  e ^ J^^ds  (5  minutes)  the  TWSTFT  process  is 
There  is  structure  in  the  data  so  tha  even  - „„alvzed  the  structure  is  sometimes  sinusoidal 
not  purely  white.  Dep-^n  ^ as  flicker  phase 

and  other  times  possibly  a step.  Th  yp  shown  later.  The  physical  source 

The  formulafion  used  .o  genera.e  .he  uncalibra.ed  .ime  differences  is 


UTCWSNO(MC2))  - UTC(LAB)  = ./dlTi(USNO)  - THLAB)\ 

^ -.[Tx{LAB)-Tx{USNO)\ 

- [6\pps{LAB)  - 6\pps{USNO)] 

- [ic{USNO)  - ic{LAB)] 

— Sagnac 

- RF 
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the  differences  of  the  recorded  time 
delay  differences  of  the  MITREX  min  ' transmit-to-receive 

delays  from  on  time  of  the  l-pulse-perTecotd\Tf:::^^^^^  a1 

docT^ald'^a^lot/^  l^tr^e  U^caalw  introduced  by  intermediate 

computed  relativistic  time  dela^  Sapnl.  H reference  clock.  The  fifth  term  is  the 

sixth  and  final  term  Tan  nlowf  t™  S';  ’.  r'?  The 

called  the  “RF  term  ” The  RF  term  cnnt«'  th  " timing  link  and  is  commonly 

waveguides,  RF  unknown  delays  contributed  from 

etp-ic^ly  was  adjusted 

source,  usually  GPS  or  BIPM  Circular  T we  nla^  ih  u Using  an  independent  timing 

which  is  the  sum  of  the  «^^^‘^‘^tion 

computed  from  equation  1 “on  time  ” The  i P“^  daily  mean  values 

timing  link  used  asTe  emp“ferLce  ^ as  the 

™STFT  method.  Eviden«  from  closure  teS.HndiS.'X^WS^V''!r 

than  10  nanoseconds  worth  of  error  lo  th.  . mmeate  tliat  ] WSTFT  will  contribute  less 
from  environmentally  caused  drift  of  ele  i*  contributed 

hardware  proh,ems;irSlrfal:rmS;\Zf 

to*tI?d“e:  ;St?i„1SrpS  r 

change  occurred  at  FTZ  on  MJD  49429  375  and  the  S^en  above.  A clock 

^ on  IVIJU  4^429.575  and  the  operational  transition  was  smooth. 

Time  deviation  (TDEV)  instability  estimates  were  generated  from  a C lano 

and  the  slopes  are  easily  distinguished  in  V TDE'rZ''rhrtZ"l‘^!Te"°'“  ”7“““ 
noise  processes  are  also  isolated  when  usinp  TnFV^h„i  frequency-domain 

to  distinguish  because  of  the  large  slopes.  Aloth^;  ^ ^ 

no  preparation  of  the  data  is  rennir.d  a ^ aspect  of  using  TDEV  is  that 

(APHV)  was  used  rLSl^Z 

daily  values  from  unequally  spaced  data  White  nha^  "leans  w ich  have  been  interpolated  to 
in  the  electronic  equipment  KE^mr!^  modulation  noise,  probably  originating 

during  tau  (averag^TtTme  1 to  50  l7d  experiments,  dominates 

infiecL  nir  tarf.  t'Zsl'n:,?,,^"  Z Z^wrich  fS.:  ^ 
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characteristic  slope  of  A'^ker  phase  modula^  certainty.  The  average 

physical  source  related  to  the  ic  er  p statistic  is  near  200  picoseconds  which  is  close 

phase  flicker  floor  as  determined  by  the  TDE  _ ^ typical  300  second  time  transfer 

to  but  not  exacfly  at  the  classical  varian  inflection  point  should  be  if  the  noise  were 

experiment,  which  is  where  t c oca  seconds  1 day)  the  slope  is  taid  which 

strictly  white  PM[9),  which  it  is  no  . contributed  by  the  TUG  commercial  cesium 

indicates  flicker  frequency  mo  u ation  noi  ^ ^ seconds  (15  days)  gives  an  estimated 

clock.  The  ADEV  statistic  at  a samplin^^  Wrisults  are  similar  to 

instability  level  of  8 parts  in  1 meeting  in  a paper  on  the  calibrated  TWSTFT 

the  results  presented  at  the  25th  Annua  Washington  DC  (USNO(MC2))  and  the  U.S. 

link  between  the  U.S.  Naval  Observatory  r-  hmond  FL  (NOTSS(HP5071A))00.  The 

Figure  4 shows  a M^noseco^^^^^^  ‘7hfe  ^femtl'iLlns''ttbility  estimates 

with  one  run  being  of  1500  seconds  durat  on  " data.  As  expected 

which  have  been  interpolated  to  dai  y va  u shown  for  TUG  in  Figure  3 so 

rphLfinstS:,rarl^!md^ 

“:"hTA^^^^  rtSc'LTn'lmlirn/tirne  tau»  ' seconds  (15-days)  gives  a value  of 
4 parts  in  10^''  as  the  flicker  frequency  floor. 

CLOCK  AND  TIME  SCALE  MONITORING  USING  TWSTFT 

Figure  5 shows  time  di«ere„ces  of  commercial 

against  PTB(CS2)  which  is  a laboratory  ces»«m  A ^ independent  and  calibrated, 

Figure  6 shows  USNO  Mt°8v"  agL'^fgabil  Pra(CS2°^^  1™“' 

scale  compared,  by  of  hnear  least  squares, 

rates  have  also  been  remove  fro™  „„,gs  stay  together  very  well  in 

From  inspection  of  Figure  5 and  g • ^ slightly  higher  amplitude  of  variation 

time.  The  cesium  clocks  shown  in  figure  There  is  oerhaps  some  common  structure 

over  the  hydrogen  maser  clocks  in  by  tL  “d!p”  near  MJD  49565.  This 

seen  in  both  in  Figure  5 and  Figure  might  be  useful  because  it  will  allow  for 

simple  analysis  using  correlated  local  environmental  effects  on  clocks 

r'Str:—  do„e  . near  rea,  time, 

A„  extremely  useful  and  elegant  algorithm,  given  with  pseudocode,  has  been  recently  reported 
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an  estimate  of  the  PSD  of  the  input  dataf^l  The  ns  a ^ T filtering  to  form 

dispersion  minimization  and  othe^r  methods  of  neriod'  Fourier,  phase 

way  to  detect  periodic  sienals  in  time  h r ^ signal  detection,  is  a nice  independent 

J analysi.,  of  periodic  Zl  ?„  T,2  fT"7  f "" 

the  DSA  method  on  TWSTFT  frequencv  dat'  th  ****  estimate  generated  using 

was  interpolated  to  daily  interv^s  and^he  ° a '™'"g  "ata 

total  data  interval  refl  X™  PSD  f28lT::”Th  7 P“"“  ' The 

greater  than  0.1  are  related  to  the  orie  n-f  ‘’“’''‘■,7'"=  '«  *'8"tfieance  peaks  at  frequencies 

month  is  probably  related  to  nronth.y  sLrin;':f‘'us^O^MC2)lTa';d^  " ' 

CONCLUSION 

ta  ah  aretTfTwsTra  orthe'c^rh"',"  ‘"“h  “ »>■=  *ione 

of  the  performance  of  TWSTFT  over  longer  and  ionoTr  “"“lysis,  continued  monitoring 
comparison  and  improvement  of  the  nerf  f averaging  times,  and  the  continued 

important.  The  new’’kno;L;ld'':„&o:"Lr 

extremely  useful.  New  hardware  esneciallv  the  supplies  to  decision  makers  is 

TWSTFT  more  automated  and  make  data  anlvsIT  hopefully,  will  make 

formats  such  as  the  newly  proposed  intematin  ^ f automated.  Data 

information  to  be  passed  abouUechnical  and  improving  and  allow  much  more 

and  can  only  improve  acctm^  r^rbiltearrer""'  ™*TFT 
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(tSNO(MC2)  - VSL)  / 2)  Time  Differences 


Figure  1 
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Log  Sigma  x (Tau)  Nanoseconds 


TDEV  Instability  Plot  of  USNO(MC2)  - NPLfH-tnaser)  TWSTFT 
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TWSTFT  Cesium  Clock  comparisons  against  PTB(CS2) 
Known  Steps  and  Linear  Rates  Removed 


Figure  5 

TWSTFT  H-Maser  and  Time  Scale  comparisons  against  PTB(CS2) 


Figure  6 
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Two- Stage  Power  Spectral  Density 
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QUESTIONS  AND  ANSWERS 

7 p’*®  (NIST):  For  the  one-day  estimate  of  TDEV,  yon  said  the  data  were  not 
evenly  spaced.  I m wondering  how  you  got  a one-day  estimate. 

we'^  ^ ^ .so 

fill  ^ Wednesday  and  Friday.  I .simply  interpolated  linearly  interpolated  values  to 

fill  in  in-between  the  actual  measured  values.  I mean,  that’s  the  best  we  can  do. 

Well,  I see  a few  heads  shaking  out  there.  There  are  lots  of  ways  we  can  do  something  like 

that.  I mean,  you  just  have  to  pick  one,  and  that’s  the  one  I picked  to  do.  There  was  another 
one  .somewhere  up  here  I believe. 

WALLS  (NIST,  BOULDER):  The  seven-day,  14-day,  and  31-day  peaks  are  what 
y would  expect  from  environmental  things  in  laboratories  where  people  come  and  go  I’m 
pleased  actually  to  see  it  show  up  in  your  data,  because  I think  it  means  that  if  you  would 
be  dim^WsheT^  coincident  with  a one-week  period,  that  a lot  of  those  fluctuations  would 

J.A.  De YOUNG  (USNO):  Yes,  that’s  quite  possible.  PSDs  are  very  inherently  difficult  to 
interpret  as  to  the  source  of  where  those  peaks  are  coming  from.  That’s  one  possibility  that 
It  s coming  from  that  .source.  I ju.st  a.ssumed  it  was  coming  from  my  interpolating  the  data 
hat  was  at  two-day  intervals.  Because  if  you  look  at  all  the  combinations  of  the  sampling 
from  Monday,  Wednesday  to  Friday,  that’s  two-day  gaps.  Then  over  the  weekend,  you  have  a 
three-day  gap;  and  then  over  the  week  you  have  the  five-day  sampling  Monday  to  Friday  and 
then  you  have  the  week  again.  Almost  all  of  those  peaks  are  almost  exactly  right  where  you 
expect  those  to  be  from  that.  It’s  possible  it’s  from  the  source  that  you’re  mentkming. 

TOM  PARKER  (NIST):  By  doing  a linear  interpolation  on  data  with  typically  Monday- 
Wednesday  Friday-type  analysis,  you’re  going  to  underestimate  TDEV  at  one  day  by  about  a 
factor  of  .somewhere  between  two  and  three.  So  the  data  is  overly  optimistic  at  one  day. 

J.A.  DeYOUNG  (USNO):  Do  you  have  a .suggestion  as  to  how  to  --  I mean,  if  we’re 
deahng  with  unequally-spaced  data,  what’s  the  better  way  then?  Do  have  a suggestion  for 

PARKER  (NIST):  Well,  I’ll  tell  you  what  I did.  I took  .some  comparable  GPS  data 
hat  I had  on  one-day  intervals  and  edited  out  all  the  points  that  didn’t  correspond  to  the 
wo  way.  So  with  the  GPS  data,  I could  get  both  ways  with  the  two-way  den.sity  and  with  the 
full  one-day  density  and  just  made  a comparison.  That’s  where  the  two-to-three  comes  from. 
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Abstract 

co/Wrf  ^ measurement  systems  used  and  the  results  from  the  data 

and  the  performance  of  the  three  HP  5071  cesium  clocks  in  an  operational enLlent 


INTRODUCTION 


The  purpose  of  this  experiment  was  to  demonstrate  our  ability  to  accurately  calibrate  remote 
precise  time  laboratories  and  Department  of  Defense  (DOD)  installations  using  two-way  satellite 
time  transfer  techniques  m.  Although  the  USNO  has  participated  in  two-way  cZTmZl 

this  re^h’  ' ^ absolute  calibrations  of  remL  sLs  using 

^is  technique  When  the  need  for  high  accuracy  calibrations  to  remote  DOD  sites  Trose  Z 

.han'  >he  O oW  '"=“T 

a.  .ha  USNO  a„.  o.,e. 

field,  parccular  m ,he  eas.-wcs,  direction  where  Sagnac  effects  are  signifiSnr 


CLOCK  TRIP 


For  this  experiment  a 
USNO  in  Washington, 


^o-member  team  drove  the  USNO’s  mobile  earth  station  from  the 
to  Los  Angeles,  California  and  a second  two-member  team  drove 
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PAGf'  :£iL  .INTENTIONALLY  BU\NK 


L 1 tu  iKiMn  Fieure  1')  Two-way  measurements  were  made  each  day  to  provide 
: cesi„™doe.s  ^ .he  va„  and  .he  USNO.  The  ...p  wa. 

s.ar.ed  on  July  ll.h,  1994  and  comple.ed  on  July  22nd. 

The  USNO's  ".obile  eanh  a.a.ion 

5071A  high  performance  cesium  frequency  stand 
a Motorola  six  channel  GPS  receiver  were  added. 

The  da.a  iraT—^&TaS 

terns  Inc.  contro  ing  receiver  The  GPS  receiver  was  mounted  inside  the  PC  and 

3488  VHP  switch  ^e  GPS^r^^^^^^^^^  The  ^ 

connected  to  one  of  the  PC,  serial  pons.  interval  counter.  The  GPS  position 

second)  were  interconipa.d  evei,  m^  was  at  the  USNO, 

information  was  logged  every  10  m • switch  so  that  the  clocks 

a 1 pps  from  the  Master  Clock  was  also  to  establish  the 

were  compared  against  UTC  USNO.  This  was  done  before  and  after  tnp 

performance  of  the  clocks  while  they  were  in  the  van. 
in  order  to  calibrate  the  two-way  7kr 

meter  base  station  and  the  M^liter"  ClLk,  were  connected  to  the  modem  in  each 

reference  signal,  both  from  th  ‘ one  clock  measured  against  itself, 

earth  station.  With  this  setup  the  identical  through  the  modem,  the  earth 

should  be  zero,  if  the  transmit  and  receive  delays  the  same.  In 

station,  the  satellite  and  back,  and  the  ca  e e .jj  ^ calibration  factor  that  is 

reality  this  is  not  the  case  and  the  tc  lX:!  factor  measured  to 

r^^"n:rc::^X  calibration  procedure  was  repeated 

to  verify  that  the  delays  through  the  two-way  system  had  not  changed. 

The  trip  was  started  after  a final  calibration 

the  van  was  fueled  and  parked  in  the  hotel  parking  ^ 

The  clocks  and  measurement  equipment  were  tran  ^hrouehout  the  night.  The  satellite 

which  kept  the  equipment  and  air  measurement 

rth'rmofnit  most  of  our  domestic  two-way  operations  we  use 

Satellite  Business  Systems  satellite  SBS-6. 

.he  .he  sa.elh.e  w-e-ac^^  ^oTel': 

were  obtained.  Each  result  consis  e ^ /*,  raet  confieuration  The  modem  in  the  van  was 

used  for  .his  expe.imen.  ope.a.e  m a **  This  gave  .he  .ravelers  con.rol  of 

operafed  as  .he  source  and  .he  .arge.  was  a.  the  Sa 

.h"e  satellite  link  and  .he  Tr"  modem,  allowing  the 

rarge.  modem  was  ,he  field  memhers  to  evaluate 

results  of  the  measurement  set  to  be  caicuiaieu.  m » 

^measurements  and  to  look  for  anomalies  in  .he  data  bemg  collected. 
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The  two-way  data  collected  each  morning  were  used  to  measure  the  time  of  the  three  cesium 
clocks  m the  van.  The  GPS  receiver  position  data  were  used  to  calculate  Sagnac  corrections 
for  the  two-way  measurements  and  to  calculate  relativity  corrections  for  the  clock  data.  The 
1 pps  from  the  GPS  receiver  was  used  as  a coarse  rule  to  compare  the  clocks. 

RELATIVISTIC  EFFECTS 

The  data  collected  throughout  this  experiment  needed  to  be  corrected  for  relativistic  effects. 
There  are  many  excellent  references  n-5I  on  the  derivation  and  theoiy  behind  these  effects' 
therefore,  they  will  only  be  touched  upon  briefly  in  this  paper.  Due  to  the  rotation  of  the 
earth  and  the  satellite,  the  path  lengths  (from  one  earth  station  to  the  satellite  to  the  other 
earth  station  and  back)  during  a satellite  two-way  time  transfer  are  not  .symmetrical  This 
phenomenon  is  referred  to  as  the  Sagnac  effect.  The  time  difference  caused  by  this  effect 
IS  given  by  2a;/l/c2,  where  c is  the  velocity  of  light,  a;  is  the  Earth’s  rotation  rate,  and  A is 
the  area  defined  by  the  projection  onto  the  equatorial  plane  by  the  segments  connecting  the 
satellite  and  the  Earth’s  center  to  the  two  earth  stations  m.  Figure  2 is  a plot  of  the  Sagnac 
corrections  needed  for  the  two-way  data  taken  during  the  trip. 

There  are  three  mam  components  of  relativistic  corrections  that  need  to  be  addressed  for  the 
clock  trip  elapsed  time.  These  corrections  are  due  to  height  (red  shift),  velocity  (Doppler  shift), 
and  ea.st-west  motion.  The  equation  used  to  calculate  these  corrections  is: 

At  = f ds 

<^path 

where  g((j>)  is  the  acceleration  of  gravity,  is  the  ground  velocity  of  the  clock  having  an 
eastward  component  , h is  the  altitude  above  the  geoid,  uj  is  the  angular  velocity  of  rotation  of 
the  Earth,  a is  the  Earth  s equatorial  radius,  and  <f>  is  the  geographical  latitude  f'^l. 

The  GPS  receiver  provided  most  of  the  information  needed  to  solve  the  above  equation.  Every 
10  minutes  the  position  of  the  van  (height,  latitude,  and  longitude)  and  the  time  were  gathered 
from  the  GPS  receiver  and  stored  on  the  PC. 

The  height  correction; 


g{4>)h/c^  + ~:{v/c)^  + -^avEC.os4> 


(1) 


g{4>)h/c‘^  (2) 

of  82.57  ns  turns  out  to  be  the  dominant  clock  trip  relativistic  correction  term  in  this  experiment 
due  to  the  trip  length  of  11  days  and  the  vast  height  differences  encountered  along  the  trip, 
for  instance  Washington,  DC  is  at  55  meters  while  part  of  Colorado  is  over  3000  meters(see 
Figure  3).  Since  this  term  does  not  depend  on  velocity,  but  on  height,  it  is  continuing  to 
have  an  effect  as  long  as  there  is  a height  differential.  Therefore,  the  clocks  were  realizing 
a relativistic  change  of  rate  even  when  the  van  was  parked  for  the  night  at  a location  with  a 
different  elevation  than  that  of  Washington,  DC. 
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The  east-west  correction: 


-^avs  cos  4> 


(3) 


ends  up  being  an  integration  of  east(west)  velocity  over  time,  which  is  then  just  the  distance 
traveled  eastftest).  Since  this  term  turns  out  to  be  proportional  to  the  distance  traveled  and 
!irp"o,  velocity,  it  would  be  the  same  whether  a van  or  for  instance,  an  a.rp  lane  was 
used  for  the  clock  trip.  For  a round  trip  (east-west,  west^ast)  this 
conclusion  of  the  trip,  but  gives  a necessary  correction  to  the  data  during  the  trip. 


The  Doppler  term  is: 


(4) 


Even  though  the  van  traveled  very  slowly  compared  to  the  speed  of  light,  the  11  day 
tengenoulh  to  give  the  Doppler  term  a non-negligible  correction  of  1.24  ns.  Frgure  4 shows 
the^three  different  contributions  along  with  the  total  relativistic  correction  for  Ihe  trip. 

ft  is  interesting  to  compare  these  clock  trip  data  to  what  we  would  have  seen  on  a airplane  trip 
om  Washingfon,  DC  to  Los  Angeles  and  back.  We  will  assume  an  average  air  speed  of  550 
miles  per  hour  and  an  average  altitude  of  25,000  feet.  The  height 

calculates  to  be  -28.2  ns,  while  the  velocity  correction  would  be  11.4  ns.  Therefore  the  total 
“^n  to  the  clock  data  would  be  -16.8  ns  as  compared  to  the  -82.6  ns  of  the  van  trip. 


DATA 

The  two-way  time  transfer  method  was  used  to  compare  cesium  clock  serial  #254  vs  the 
Master  Clock  at  12  different  sites  during  the  round  trip.  The  phase  data  being  ogge  e v/een 
#2M  #416,  and  #227  locally  in  Ihc  van  (.see  Fig.  5)  along  w„h  .he  two-way  data 
was  used  to  calculate  the  differences  between  the  Master  Clock  and  the  clocks  ^^16  an 
#227  during  the  trip.  The  relativistic  corrections  due  to  the  clock  trip  were  then 
cesium  clock  - M^ter  Clock  data  after  Sagnac  effect  corrections  to  the  two-way  data  had 
reeHaken  into  account.  Figures  6-8  show  the  raw  data  and  the  data  ^rrec^d  for  both  the 
two-way  Sagnac  and  relativistic  clock  trip  effects.  In  Figures  6-8  the  data  ^^at  are  bunched 
together  at  the  beginning  and  the  end  of  the  plots  were  taken  at  USNO  with  the  Master  Clock 
dkecUrconnected  to  the  measurement  system,  while  the  individual  points  were  obtained  via 

the  two-way  time  transfer  method. 

The  cesium  clocks  performed  very  well  considering  the  less  than  ideal  environmental  conditions 
inside  the  van  during  the  trip.  The  clocks  experienced  approximately  40  degree  temperature 
swings  and  considerable  vibration.  The  Allan  deviations  of  the  cesium  clocks  as  measured  in 

the  van  during  the  trip  were: 
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hr 

#227-#416 

#254-#227 

#254-#416 

#points 

1 

1.14e-13 

1.18e-13 

1.18e-13 

415 

2 

8.21e-14 

8.06e-14 

8.44e-14 

207 

4 

5.93e-14 

5.85e-14 

6.38e-14 

103 

8 

4.52e-14 

3.81e-14 

4.47e-14 

51 

16 

3.18e-14 

2.80e-14 

3.59e-14 

25 

32 

2.32e-14 

2.46e-14 

3.24e-14 

12 

64 

1.83e-14 

1.39e-14 

2.38e-14 

6 

128 

1.50e-14 

7.38e-15 

1.82e-14 

3 

Clock  pairs  227-416  and  254-227  had  stabili.ies  .hal  were  below  Ihe  specifications  given  by  the 
manufacturer  for  clocks  under  environmental  controI(see  Figure  9). 


CONCLUSION 

two-way  time  transfer  method  can  be  used  to  accurately 
calibrate  remote  precise  time  laboratories  and  DOD  installations  using  the  necessary  Sagnac 
corrections  to  the  data.  Also,  it  is  necessaiy  to  take  into  account  the  elects  of  relati^ty  when 

o^Ihe^r  k"*  synchronization  no  matter  what  the  mode  of  transportation 

of  the  clock.  The  three  HP  5071  clocks  performed  very  well  in  less  than  ideal  conditkms. 
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METERS 


MJD 


Figure  3.  The  height  of  the  van  above  the  geoid  during 
the  trip  as  measured  by  the  GPS  receiver. 


MJD 

Figure  4.  The  total  relativistic  clock  trip  corrections 
along  with  the  individual  components. 
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QUESTIONS  AND  ANSWERS 


DAVID  ALLAN  (ALLAN’S  TIME):  A question  regarding  the  regression  that  you  did  to 
determine  the  frequency  during  the  trip  from  the  data.  As  near  as  I can  tell,  it  looks  like  you 
did  a linear  regression  to  all  of  the  phase  points.  Is  that  correct? 

PAUL  WHEELER  (USNO):  Yes. 

DAVID  ALLAN  (ALLAN’S  TIME):  Given  your  sigma  tau  plot  that  the  noise  is  white 
noise  frequency  modulation,  which  is  random  walk  of  phase,  the  optimum  interpolater  for  the 
frequency  while  you  were  on  the  trip  would  be  the  end-point  from  the  beginning  and  the 

beginning  point  of  the  end,  to  give  you  a better  estimate  of  frequency  than  the  linear  regression 
Thank  you. 

SIGFRIDO  M.  LESCHIUTTA  (lEN):  Could  you  please  elaborate  to  me  concerning  the 
two  calibration  processes?  One  was  done  before  and  after  the  trip.  What  was  done  really? 

The  second,  have  you  made  any  calibration  before  and  after  eaeh  se.s.sion,  calibration  of  the 
orbital  treatment? 

PAUL  WHEELER  (USNO):  The  calibration  --  we  do  it  a couple  different  ways.  For  this 
experiment,  since  the  clocks  in  the  van,  we  wanted  to  measure  the  clocks  that  were  taken  with 
us  the  same  way  at  the  Observatory  as  we  did  in  the  field.  So  we  did  two-way  time  transfer 
between  the  two  stations  right  there  at  USNO,  our  base  station  being  measured  against  the 
USNO  Master  Clock.  The  mobile  air  station  being  measured  against  one  of  the  clocks  in  the 
van.  Right  after  that  session,  we  then  measured  that  clock  with  a cable,  to  our  acquisition 
system,  against  the  Master  Clock  and  determined  the  difference  between  the  two  ways. 

The  second  question,  the  answer  is  no.  It  was  strictly  before  we  left  and  when  we  returned, 
and  nothing  in-between. 
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wi-x.  Cl  V 


WUh  the  completion  of  a 24  operational  satellite  constellation,  GPS  is  fast  approachine  the 
cntical  milestone,  Full  Operational  CapabilUy  (FOC).  AUhough  GPS  is  weUcapabU  of  providL 

iming  accuracy  and  stability  figures  required  by  system  specifications,  the  GPS  community  will 
continue  to  strive  for  further  improvements  in  performance  community  will 

The  GPS  Master  Control  Station  (MCS)  recently  demonstrated  that  timing  improvements  are 

t uZV:Z:t 


INTRODUCTION 

Contro*!  Station^^MC^i^L  customer  expectations,  the  GPS  Master 

. ntrol  Station  (MCS)  will  continuously  search  for  safe  and  efficient  methods  for  improving 

GPS  timing  accinacy  and  stability  performance.  The  mo.st  recent  improvements  have  focused 
frec^rnc^“l"ndlrds  " -^ellite 

Proce.ss  noises  are  nothing  new  to  the  timing  community.  Many  time  scale  algorithms  update 

neTn^'*^'"  ' for  their  respective  systems.  As  in  many  KaiLn  Filters  the 

se  apping  gency  (DMA)  periodically  reviews  their  q values  for  their  OMNIS  compu 

un^rtlken  th^  tik  n ^ community  had  never 

pjjfgj.  re-fling  an  entire  operational  GPS  constellation  in  the  MCS  Kalman 

Thank.s  to  the  generous  input  from  several  outside  agencies,  we  now  employ  process  noise 
d lies  that  are  unique  to  the  individual  characteristics  of  the  25  operating  frequency  standards 
on  or  1 . erhaps  more  importantly,  we  now  also  have  the  precise  data,  know-how  tools  and 
procedures  to  safely  and  efficiently  review  and  update  our  /values  on  ; periocUc  bast 
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rubidium  clock  estimation 

Each  GPS  satellUc  uaes  one  of  two 

frequency,  to,  in  turn,  generate  accura  a frequency  standards.  Orbiting  Cs 

satellites  carrently  use  one  of  two  between  0.8  x 10-'» 

clocks  for  a Cs  freitency  standard  is  typically  on  the  order 

to  2.0  X io-i^Ii3tJ4,i5i.  The  drift  rate  erm  wr  a h j maenitude  smaller  than  our 

of  1 X 10'^  s/s^  or  less.  Such  a Qpjj  jj(j,jng  (hundredths  of  a nanosecond 

time  steering  magnitude,  has  neghgi  e on  frequency  estimation,  the  MCS 

rr-y  s rs  --  <—  - 

ground  based). 

Two  Rubidium  (Rb)  clocks  also  reside  on^each  Block 

significant  »8'"8  T^iptal  oncslay  frequency  stability  of  a Rb  clock  .sr«(e  ,s 

^™r«X-re/;arl;  ofa  CS  Jo  x 'O-'^versus  f.O  x .0-)  ^ 

rrick r;::  c:  rr  ;tt:  beS  r:  .a^n  those  .r  cs  docks. 

This  filter  instability  has  itep^ed 

'rr«kVLT,P?o?rJrJ  « sa-llitis,  »e  initialized  only  tfoce  with  Rubidium 

clocks. 

Despite  this  reluctant  attitude  »o  choice  but  to 

Cesium  clocks  reach  their  respective  en  s o p , foat  GPS  was  not  making 

r ::o?r  rLiricK'i:  e::;  te^^r^mre-J" 

rp'pTsedt'jCcd  Kairan  Filter  really  only  needed  a fine  tuning. 

Deriving  New  Rnbidmm  Clock  cjs 

in^'— 

11*1; 


P = 


(,lt  + (/2f"+<73fV20  q2tV2  + q3tV^  93tV6 
<72f^/2  + ‘/3t'‘/8  q2t  + <l3tl^  93^/2 
q^t^/6  </3f^/‘2  93f 


(1) 


The  Naval  Research  Laboratory  Rb^doik^Lfwas  IcUv^^Lm 

SVN25.  The  report  included  a series  of  drift  rate  plots  for  the  Kt>  ciock 
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In'ana^vzinTthe^'WUH^^^  plotted  5,  10,  20,  and  30-day  averaged  values  for  drift  ratef"! 

n analyzing  the  30-day  average  plot,  we  noticed  that  the  drift  rate  changed  significantly  more 
during  the  first  90  days  than  during  the  remaining  operational  time  (Fignre  1) 


^3  = q3(T-)(2) 


(2) 


IMng  the  above  equation,  along  with  the  NRL  data,  we  derived  new  , values  both  from  the 
system  rXues":"”"  ““  """“'"“S  Pot'od,  and  we  compared  these  to  the  old 


q value 

Drift  Rate  ((/-,) 


OLD 

9.00  X lO-^V/s'* 


INITIAL 

1.35  X lO-^V/s'^ 


NEW  NORMAL 

6.66  X 10-‘‘'^s2/s'''’ 


4 « aTo-™  z^“'  “'“''“""8  a new  drift  (frequency)  , value.  The  old  Rb  q value  for  drift 
4.44  10  s /s  , was  the  .same  as  that  for  Cs.  We  chose  ,fi  = 2.22  x 10-’ZsZ/»»l4l  Again  to 

■SJH""""  ' '■>  handle  any  possible  instability  resulting  from  ctock 

warm-up  , we  set  the  initialization  value  to  3.33  x lO-^V/s^  We  kept  the  nLse  rbiasl  « 

;:r  R,ru..fs“'“'^  " “ “<*  -<>  o/;rt,fnXi  val: 


q Value 

Bias  (<^i) 

Drift  («/2) 

Drift  Rate  (1/3) 


OLD 

1.11  x lO-^V/.s 
4.44  x 10-^2g2^^.3 
9.00  X ]0-^2.s2/.s-'^ 


INITIAL 

1.11  X 10-2V/.S 
3.33  X 10-“s2/j,3 
1..35  X 10-'*V/s''’ 


NEW  NORMAL 

1.11  X 

2.22  X lO-^V/s^ 

6.66  X lO-'^'^s^yj,.'-, 


Of  raiirse,  one  might  question  using  30-day  averaged  drift  rate  values  for  deriving  ,,-could 
the  drift  rate  change  by  an  unacceptable  amount  during  those  30  days,  thus  undermining  the 
premia  of  these  calculations?  Well,  in  the  past,  NRL  has  been  able  to  Lpply  as  much  as  f IM 

figurerXii!,Xo1vN2Ts0.?'^^^^  Allan  Deviation  plots-plots  showing  one-day  stability 

ngures  similar  to  SVN25  sHO],  The  implication  is,  if  the  Filter  has  a good  drift  rate  term  that 

alue  can  essentially  be  fixed  for,  in  .some  case.s,  up  to  150  day.s,  without  significantly  degrading 
^ days,  let  alone  150,  was  safe  for  deriving  the  above  q values  for  the  MCS  Kalman  filter. 


SVN9  End  Of  Life  Testing 


a 1 SOPS  and  2 SOPS  joint  effort  to  conduct  End  Of 
SVN9  during  March  and  April  1994  [19].  As  part  of  the  plan,  Rockwell  sugges 


testing  on 
dedicating 
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7-8  days  for  tasting  Rubidium  cluck  drift  rate  estimation.  We  used  the  "New  Normal"  , values, 
and  monitored  the  resulting  system  performance. 

The  test.  Which  lasted  8.7  days,  produced  airramtll'of 

TypiSl  standard  deviation  of  1.0  x ,0-s/s^  using  the  old  ’ 

Rockwell  derived  was  -2.4-1  x 10->«s/s\  well 

IthiroTe^SroTthThlter's  Isiimate.  The  National  Institute  of  Standards  and  Te« 
(N.ST)  Report  on  SVN9  End  tha'i  the 

RlL'^had performed  If  deligned-to  converge  on  a more  accurate  drift  rate  estimate,  with  a 
™ Jspondingly  representative  error  estimate  (standard  dev, at, on)  |F,g.,re  21. 

We  used  two  MCS  parameters  to  test  this  capability. 

a The  first  parameter  was  the  Measurement  Residual  Statistical 

• 11  \4D<pt  rlerides  whether  or  not  to  accept  Pseudoranges  (PR^). 

Essentially,  the  MR  ^ ‘ PR  for  SVN9  The  average  PR  residual 

X:™:  vehice,  or^vN,.  pnor 

to  the  test. 

b.  The  second  parameter  was  'h'  Es'imated 

good  ,nd,cat,on  of  the  uploaded  SVN9  only  once  per  day, 

upload  res,d,ng  ,n  the  vehtcle.  ERD  criteria  of  10 

and  the  ERD  RMS  never  once  exc  -•  ’ a (URA)  dropped  from  5.0 

meters.  CorrespontJingly,  dropped  from  33.0  to  13.0  meters.  In  hindsight, 

:e^e!.,;t::;:tn'"/sVN/Lary  :,r;the  test,  and  netted  a small  tmprovement 
to  global  coverage  and  accuracy  [Figure  2). 

In  short,  results  from  the  SVN9  drift  rate  test  indicated  that  Filter  estimation  worked  quite 
better  with  the  reduced  process  noise  (q)  values. 

Real  World  Implementation  Of  The  New  Rubidium  qs 
on  IS  Mar  94,  we 

rrBtck"  l,^lfIys'lv!sc%tri^  the  effects  of  eclipse  seasons,  we  selected  the  “Initialization 
qs  instead  of  the  “New  Normal”  qs. 
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that  SVNin  rt  H Smoothed  Measurement  Residual  (SMRES)  tool  showed 

at  SVNIO  residuals  from  the  DMA  monitor  stations,  since  18  Mar  94,  have  been  consistent 

with  those  prior  to  18  Mar  94,  as  well  as  those  for  our  other  satellites.  Similarly,  between 
hese  two  time  periods  SVNlO’s  time  tran.sfer  error  dropped  from  14.6  to  9.9  na;o.se^nds 
(RMS),  according  to  United  States  Naval  Observatory  (USNO)  dataisi.  These  data  points 
rom  independent  agencies,  further  show  a significant  improvement  in  satellite  accuracy. 

Siinilar  ^ SVN10’.s,  the  ERDs  for  SVN24  decreased  after  18  Mar  94.  Additionally  after 
installing  the  New  Normal”  qs  on  24  Apr  94,  from  that  time  to  the  present,  the  Filter  has 
easily  and  consistently  accepted  SVN24  PRs.  Likewise,  SVN24  residuals  from  DMA,  since  24 

o/L  than  those 

operational  satellites.  In  terms  of  upload  accuracy,  SVN24’s  ERDs  routinely 

exceeded  4.0  nieters  prior  to  24  Apr  94.  Since  24  Apr  94,  SVN24’s  ERDs  have  rarely  exceeded 
. .5  meters,  and  have  typically  stayed  under  2.5  meters.  SVN24,  now,  is  one  of  our  two  most 

sXTinTn1h''rP^''  improvement,  on  28  Apr  94,  we  included 

bVN24  into  the  GPS  composite  clock,  allowing  it  to  better  stabilize  GPS  time. 

^ initialized  a Rubidium  clock  for  7-14  days  we’ll 

probably  install  the  “Initialization”  ,s  for  90  days.  At  the  three  month  point,  assuming  nominal 
clock  performance  well  likely  install  the  “New  Normal”  qs.  Also,  at  three  month!,  we  will 
aggressively  consider  including  that  .satellite  into  the  GPS  composite  clock -a  Block  II/IIA 
Rubidium  clock  estimate,  now  properly  corrected  for  drift  rate,  now  has  a better  one-day 
requency  stability  than  those  of  each  of  the  on-orbit  Cesiums.  The  GPS  community  as  a 
whole,  can  now  at  least  tame  a long  exi.sting  ambivalence  we’ve  had  about  using  Rubidium 
clocks  in  operational  satellites.  A Rubidium  clock,  now  properly  tuned  in  the  Kalman  Filter 
Mgni  cantly  improves  GPS  timing  and  positioning  accuracies.  Currently,  five  GPS  .satellites  u.se 
Rubidium  clocks.  One,  in  particular,  SVN36,  is  arguably  now  our  most  accurate  satellite. 


CESIUM  CLOCK  ESTIMATION 

Having  re.^lved  perhaps  the  most  significant  recent  problem  with  GPS  clock  estimation  through 
improved  R»b>d.um  17s,  we  decided  to  expand  this  opportunity  for  improvement  to  the  remainder 
of  all  on-orbi  GPS  frequency  standards:  Cesium  (Cs)  clocks.  As  demonstrated  earlier,  deriving 
clock  gs  involves  two  mam  steps:  1)  obtaining  data  that  can  accurately  describe  the  behavior 
of  the  clocks  involved,  and  2)  mathematically  translating  this  behavior  into  the  qs  themselves. 

DMA  has  already  been  doing  exactly  this.  A snapshot  of  some  recently-derived  DMA  qs  shows 
values  that  are,  for  the  most  part,  unique  to  the  individual  clocksPl.  DMA’s  qs  vary  significantly 
between  satellites.  In  contrast,  prior  to  6 Oct  94,  the  MCS  gs  were  equator  lI  cPS  c! 

vlrie'siai  ""  '^^S’s  q,  value  was  less  than  each  of  DMA’s  equivalent  qi 
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MCS  q Values 


DMA  q Values 


Smallest 


Largest 


Bias(oi)  l.nxlO-^V/s  4.25X10-2V/S  4.:i5  x 10 JV/s 

Drift  ( J)  4.44  X lQ-^2,2/,3  7 .55  lO'^V/s-  5.16  x 10  ■ s /s' 

THisco.pan.„ra.ed^ 

ThI  remainder  of  .hia  pap.  anawa.  .he  h.s. 
question.  The  second  question,  however,  is  more  philosophical. 

Mrs  software  experts  will  argue  that  a fundamental  difference  in  purpose  between  the  respectwe 
MCS  software  experts  win  b constitutes  a legitimate  reason  for  using  different 

CrL  SiL  thf  MCS  Ka^  Filter  is  designed,  in  part,  to  provide  accurate  24  hour 

IncorsL 

arguments. 


Deriving  New  Cesiu.ni  Clock 

r„r.rpa",r":i:l;e:;”:r 

DMA  precise  ephemeris  data.  The  following  equation  relates  the  Allan  Variance  Ml  ^ 
Xa^ Filter  ql  This  equation  assumes  independence  between  each  sample  frequency  pairm. 


cx'^(r)  = f,i(r-')  +'/2(^)Ai  + ‘/3(^")/20 


(:i) 


In  order  to  relate  current  clock  performance  (via  the  Allan  Deviation)  ^ 

try  not  to  use  data  more  than  90  days  old.  Unfortunately,  by  only  ijsmg  ^0 Jays  of^dat^^^^^^ 
fxnerience  the  tradeoff  of  degraded  confidence  intervals  for  t > 20  days.  ^ 

Z i^a  non^on^^^^^^^^^  we  currently  fix  the  drift  rate  and  q3  values  to  zero  For  Rubidium 
clocks  however,  the  degraded  confidence  intervals,  combined  with  the  difficulty  of  correcting 
for  drift  rate  without  violating  the  sample  frequency  pair  independence  assump  ion,  ma 
ca  cullr  LTas  dangerous.  As  demonstrated  earlier  in  this  paper,  we  now  have  very 

"q,  vleTfor  RubidiL  dock.  Thu.  for  r < 20  days,  we  can 

Allan  Variance  equation,  and  simply  solve  for  qi  and  q2-  Then,  we  can  compare  our  theoretical 
values  to  empirical  values,  using  NRL  Allan  Deviation  plots  (with  flat  aging  corrections  app  le 

for  Rubidium  clocks)ti21. 

One  other  concern  relates  to  measurement  noise.  The  data  from  NRL,  and  hence  from  DMA, 
to  a trlyTerLin  amount  of  measuremen.  noise.  The  MCS’s  parame.er  for  measurement 
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noise,  which  we  1 call  qo,  accounts  for  some  of  the  GPS  monitor  station  (MS)  receiver  noise 
. nie  of  the  satellite  clock’s  white  and  flicker  phase  noise,  MS  location  errors,  and  general 
modeling  errors  DMA  has  a similar  parameter  designed  to  account  for  measuremenf  noise 

^rrTr  V IT  f parameter  at  1.0  m^.  Thanks 

to  recently  refined  MS  location  coordinates  from  DMAf*!,  the  MCS  was  recently  able  to  reduce 

a widely  distributed  assortment  of  times  and  satellite-MS  combinations.  Our  new  value  of 
. 4 m , not  surprisingly,  is  not  a dramatic  reduction  from  1.0  m^,  but  nonetheless  is  consistent 
with  our  expectation  of  improvement  from  the  new  coordinates; 


/(1. 002  _ 0.862)  = .51(meter.s) 


(4) 


ight  suggest  using  DMAs  lower  value.  However,  since  our  parameter  accounts  for  more 
measurement  “noise”,  our  parameter  is  higher  for  a legitimate  rea.son 
Ithough  not  purely  white  phase  noise  in  nature,  noi.se  associated  with  measurements  can  tend 

resMltaTfram  ,h  We  can  roughly  express  the  instability 

reaSulting  rrom  this  representation  error  asf^l;  ^ 


(r'f{T)  = :{</o(r-2) 


By  assuming  independence  between  this  repre.sentation  error  and  the  other  noise  processes  on 
term""  ’ ^dds  an  additional 


(''■)  — 4(/o(r  ^)  + <i\(t  ')/.'}  + </3(t^)/20 


(6) 


We^created  a Basic  program  to  plot  the  theoretical  .(r)  value.s,  using  the  above  equation,  for 
. 100  days  Using  recent  precise  ephemeris  a{T)  plots  from  NRL02)^  along  with  the 

Basic  program,  we  derived  new  q values  for  all  .satellites  [Figure  3j.  Note  that  the  Rubidium 

with  true  clock  performance.  Nonethele.ss,  Figure  4 .shows  how  the  theoretical  Allan  Deviation 
does  change  significantly  for,  in  particular,  SVN21  and  SVN23,  by  using  the  newer  qs. 

The  current  MS  bias  and  drift  qs,  1.11  x 10-22.s2/s  and  4.44  x 10--^2  ,2.3  respectively  are 
not  representative  of  true  MS  clock  performance.  However,  the  MCS  uses  three  separate 
mini-Kalman  Filters,  a.k.a.  “partitions”  to  individually  estimate  MS  clock  states.  sLe  a 
partition  reconciliation  algorithm  keeps  the.se  .states  fairly  consistentlMI,  over  time  the  MCS 
cs  imation  structure  effectively  triples  the  weighting  of  the  long  term  effects  of  MS  clocks  With 
this  current  q,  value  for  MSs,  this  “triple  weighting”  produces,  in  a roundabout  fashion  the 
effect  of  using  a qa  roughly  the  same  as  the  .smalle.st  satellite  q2.  We  may  tweak  this  parameter 
■n  the  future,  but,  for  the  time  being,  this  effect  produces  a ?airly  accurate  rf  .Iff 
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We  also  began  using  a newer  set  of  ,s  during  Cesiun,  clock  inUialization.  Below  is  a companson 
of  the  old  qs,  and  new  initialization  qs  we’ve  derived: 


Old  ql  Old  q2  Old  q3 

in--^-^s2/s  lO-^^sVs^  10-"''sVs'’ 

l.li  4.44  0 


New  ql  New  q2  New  q3 
10~^^s^/s^  IQ-^^’s^/s'^ 

4.44  3.33  0 


Testing  The  New  Cesium  q Values 


We  safely  tested  the  validity  of  these  changes  on  3 Oct  94,  using  a Test  & Training  simulator 
in  the  MCS.  The  results  were  impressive. 

a As  expected  the  state  covariances  converged  to  steady  state  values  more  truly  represen- 
tative ^of  the  unique  short-  and  long-term  variances  of  the  individual  flocks  Also  , 

expected,  none  of  these  new  steady  state  covariances  differed  ^ ^ 

older  values  The  implication  of  these  small,  but  significant  changes  is  that  the  Filter 
sifely  re-weighted  clock  state  estimation  based  on  true  frequency  standard  performance, 
as  opposed  to  assumed  performance  equality  (equal  qs): 

Value  OLD  VARIANCES  NEW  VARIANCES 

(-All  Cs’l  (Minimum)  (Maximum) 

L.  1.83  X 


Bias 

Drift 


1.25  X 10 
3.20  X 10 


1.07  X lO'^'^s^ 


1.:18  X 10  4.38  X 10 


,-27„2  / „2 


b As  expected  the  current  state  residuals  experienced  small  (not  trivial,  not  severe)  changes, 
indicaLg  that  the  Filter  more  responsibly  distributed  error  to  the  appropriate  sta  . 

c The  MCS  Pseudorange  Residuals  (PRRs)  dropped  from  1.61  m (RMS)  to  0-87  m (RMS) 
Ifter  the  Filter  reprocessed  the  same  raw  data  with  the  new  set  of  qs.  This  mo  e 
dramadcally  indicatL  that  the  Filter  more  responsibly  distributed  error  to  ^hc  appropriate 
states,  so  well  that  Filter  predictions  can  now  have  less  systematic  error,  an  ence, 
error  when  compared  to  smoothed  measurements. 

d The  consistency  of  MS  clock  states  across  the  Kalman  Filter  partitions 

Imall  but  not  trivial  improvement  (A  3.8%  reduction  in  Bias  divergence  error  and  21.6/. 
small  but  not  trivial  ^ responsibly  appropriating  error 

Jo  the'Lpective  clock  sLes,  short-term  MS  clock  state  instability  across  the  partitions 

dropped. 


Real-World  Implementation  Of  The  New  Cesium  qs 

Bv  installing  these  new  qs  on  6 Oct  94,  we  safely  improved  a)  Kalman  Filter  clock  estimation, 
b)  navigation  error  representation,  and  c)  the  stability  of  the  GPS  composite  clock. 
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simnlv  t’y  the  GPS  composite  clock,  intuitively,  should  have  improved 

s mply  as  a result  of  the  improved  weighting,  again,  by  uniquely  tuning  the  ,s  based  on  true 
clock  performance^  When  we  used  equal  qs,  the  Allan  Variance,  ^(r),  of  the  implicit  ensemble 
of  N equally  weighted  clocks  (for  r = 1 day)  was  approximatelyNI: 


N 


(7) 


Using  the  one  day  Allan  Deviation  figures  from  NRL  Quarterly  Report  94-3 MSI,  the  one-dav 
Stability  of  this  implicit  ensemble  was  approximately  1.55  x 10“^"^. 


By  using  clock-unique  qs,  the  Allan  Deviation  of  the  now 
T = 1 day)  is  approximatelyrt>4i; 


finely  tuned  implicit  ensemble  (for 


N 


n-1 


Ar)  = 


EK-M)  ' 


b:=i 


(8) 


Incorporating  the  same  one-day  NRL  Allan  Deviation  figures  into  the  above  equation,  the 
one  ay  ^ a i ity  of  the  implicit  ensemble  dropped  to  approximately  1.22  x 10“’“^.  Similarly 
he  observed  Allan  Deviation  of  GPS  time,  derived  from  USNO-smoothed  measiirementsis,’)’ 
also  dropped,  not  only  for  r = 1 day,  but  for  1 < r < 10  days  [Figure  5j. 

Important  to  note  is  a large  improvement  in  extended  (14  day)  navigation  performance.  By 
u ihzing  more  representative  (lower)  </2  values,  the  14-day  URA  predictions  have  dropped  to 
bwer  more  representative  values  for  most  satellites.  Figure  6 shows  a comparison  of  the 
typical  14-day  URA  values  before  and  after  6 Oct  94,  for  all  Block  IIA  satellites  in  estimating 
parutions.  Though  not  an  absolute  indication  of  extended  navigation  accuracy,  by  uniquely 
lining  the  qs,  these  URA  values  now,  at  lea.st,  have  more  validity  than  before.  The  14-day  URA 
values  for  all  healthy  GPS  satellites,  since  6 Oct  94,  have  been  well  below  the  NAVSTAR  GPS 

ofSo  me^eSiT"'  Document  (SORD)  User  Range  Error  (URE)  specification 


CONCLUSION 

This  fine  tuning  reinforces  how  deriving  and  installing  clock-unique  MCS  Kalman  Filter  process 
noise  value.s^  can  .safely  and  significantly  improve  GPS  timing  performance.  We  will  continue 
to  update  these  parameters  on  a regular  basis.  In  the  near  future,  we  plan  to  review  these 

perfomlZ)  '''  ^ 

Loral  Federal  Systems  Division  received  a tasking  to  more  comprehensively  review  these  and 
other  data  base  parameters  in  1995.  We  expect  the  results  from  their  analysis  to  be  more 

TackTthk  projecf  background  of  the  team  of  experts  that  will 
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Nonelheless  this  successful  attempt  at  line  tuning  the  MCS  qs  helps  pave  a path  for  future 
MCS  dala  base  analyses,  and  hence  for  future  refinements  to  OPS  t.m.ng  performance. 
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QUESTIONS  AND  ANSWERS 

CERNOT  M WINKLER  (USNO):  Do  you  apply,  or  do  you  know  whether 
station? 

STEVEN  HUTSELL  (USAF):  Ground  station  12-hour  periodics? 

GERNOT  M.  WINKLER  (USNO):  Whatever. 

«tfVEN  HUTSELL  (USAF):  Not  that  Cm  aware  of.  I'm  sure  that  there  are 
otireffec"  We  try  to  model  some  of  our  tropospheric  values.  Right  now  we  have  defau 
other  ettec  , orai  Federal  Systems  Division  has  been  working  on  that.  The  biggest 

But  for  the  time  being,  we  are  using  database  values. 
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for  coMribulmg  La  for  thr  rrarrjioa  of  lZrf'  “ 'fcayrrs  commont,  used 

(his  new  format  that  potentially  improve  CP<i  ^ ‘‘"^uss  three  aspects  of 

the  method  for  treating  short  ter7ZZ  f ! TT 

new  format  the  Bureau  International  des  Poids  art  M ^ of  firmware  conforming  to  this 

rcMaUr  cuustou,  »i.l,  ,h.  ZZ„Za  ‘’•'er’-a.Ioaal  track 


INTRODUCTION 

ros/";- 

commonly  used  for  contributine  datM  for  fh  CDS),  is  being  implemented  in  receivers 

time  transferal  . Y . p to  increase  the  accuracy  for  common-view 

Work  of  the  U.S.  Governeinent  not  subjec  t to  copyriRht. 
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. . • Xhis  follows  sincc  niivigiition 

accuracy  available  to  the  standard  positioning  ^^1  ellites.  if  common-view 

in  GPS  is  accomplished  using  taken  on  identical  seconds,  and 

time  transfer  is  performed  strictly,  tha  is,  ^ 

with  receivers  which  process  ^ common-view  even  more  important.  We 

cancel  completely.  SA  makes  this  n predict  the  effects  on  common-view 

include  in  this  paper  some  direct  satelh  e a standard  can  improve  time  transfer  by 

ti.e  transfer  due  to  receJrs  and  still  cancel  the 

allowing  common-view  time  transter  i 
effects  of  the  satellite  clock. 

The  new  format  has  potential  to  improve  «^^Sjrnmon-v^ 

of  elements;  (1)  the  standard  specifies  previously  available,  and  (3)  includes  a 

data  in  consistent  formats  ^ 3 common-vLw  process.  Essential  to  common-view 

header  of  parameters  important  ^ ^ common  schedule.  In  coordination 

time  transfer  is  that  stations  track  sat  ■ Bureau  International  des  Poids 

all  the  detailed  information  as  reported  in  the  Technical  Directiv 

SHORT  TERM  DATA  PROCESSING 

Data  processing  is  performed  as  follows. 

fnr  times  corresponding  to  successive  dates  at  intervals  of 

1.  Pseudo-range  data  are  record  - the  nominal  starting  time  of  the  track.  It  is 

;:.rcr  r u„a.  .e  a_  m,o  a„a  smM. 

1 f-  fits  are  aonlied  on  successive  and  nonoverlapping  sets  of  15 

2.  Least-squares  quadratic  fits  are  pp  nuadratic  fit  re.sults  are  estimated 

rsvreS  (kSsV^tnrofTrc:,ito:rLiis  ops 

time  (REFGPS)  for  each  15  second  interval. 

4,  The  nominal  .,ack  length  corresponds  ^ 

5.  At  the  end  of  the  track,  REFGPS^ince  these  two  are  related 

midpoint  value  and  slope  for  both  deviation  around 

deterministically  by  I^addUiL  least-squares  linear  regression  gives  the 

:idpr“  --  -lues,  and  the  ionospheric 

measurements  if  they  exist. 
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THE  EFFECTS  OF  SA 


We  investigate  the  effects  of  SA  by  taking  measurements  every  15  s of  GPS  - UTCfNIST") 

different  satellites  on  two  consecutive  days,  November  21-22,  1994.  The  .satellites  had  nseudo- 

smelZ.  . 20-  22,  and  25.  Figures  1-3  show  the  data  from  the  three 

Sdtellite.s,  and  Figures  4-6  show  the  time  deviation  TDEV  of  the  three,  respectively. 

The  new  standard  will  cancel  all  the  clock  dither  when  used  for  common-view  GPS  time 
ran.sfer,  provided  that  each  of  the  two  receivers  involved  track  the  same  satellites  over  the 

tr^I^ks‘l'5 1 ^ tracking,  for  example  if  one  receiver 

tracks  15  s less  than  the  other,  then  the  clock  dither  of  SA  will  corrupt  the  common-view  time 

ransfer.  We  can  e.stimate  this  by  looking  at  the  expected  di.sper.sion  in  time  at  due  to  SA  at  15 
. . he  rms  of  the  three  TDEV  values  for  r=15  s is  11  ns.  From  the  TDEV  plots  we  see  that 
the  slope  on  the  log-log  plots  starts  consistent  with  a model  of  r"  from  15-30  s.  If  we  assume 
a model  of  flicker  phase  modulation  (PM)  for  r=15  s this  implies  an  expected  time  dispersion 

I "f-  52  estimates  of  REFGPS  and  REFSV  each  from  a 

quadratic  fit  over  15  s of  data.  Let  us  consider  the  ca.se  where  one  track  is  a full-length  track 
and  he  matching  track  in  another  receiver  is  15  s short.  If  we  can  a.ssume  that  the  effects  of 

oT f average  down  in  the  linear  fit  as  the  square  root  of  the  total  number  of  points 

then  we  can  e.xpect  the  effect  on  the  common-view  time  transfer  to  be 


1.3  ns 


= 1.8  as. 


(1) 


Thus  SA  could  add  approximately  2 ns  to  a common-view  uncertainty  budget  with  only  a 

sT^nd"!rdlr  d\  r "'"'u  common-view.  With  a goal  of  1 ns  we  .see  the  reason  why  a 
standard  tor  data  taking  can  help  common-view  time  tran.sfer. 

Many  users  receive  GPS  time  directly  from  the  satellites  without  using  the  common-view 
to  compare  with  another  lab.  From  considering  the  TDEV  of  SA,  we  can  design  a 
t'  ^*161  ^ A optimally,  to  allow  users  to  obtain  the  be.st  possible  restitution  of  GPS 

mTn^  Th-  analyses  we  .see  a bump  rising  from  1 min  and  dropping  at  16 

minFl  f <^chavior  with  a period  of  approximately  16 

<insert  4>  restitution  if  the  TDEV  values  drop  with  increasing 

bevond  iTmil  tJ""''  "k  -ndication  in  the.se  data  that  the  TDEV  values  drop  significantly 
beyond  16  mm.  This  may  be  due  to  effects  at  the  beginning  and  end  of  the  tracks  when  the 
elevation  is  low.  This  suggests  limitations  on  the  potential  for  filtering  SA.  Yet  our  data  were 
taken  using  a single  channel  receiver.  A multi-channel  receiver  could  improve  on  filtering  It 
a^ng  TDEV,  allowing  improvemeni  frol 


THE  DATA  FORMAT 


The  data  format  consists  of; 
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1.  a tile  header  with  detailed  information  on  the  GPS  equipment, 

2.  a line  header  with  the  acronyms  of  the  reported  quantities, 


3. 


4. 


(3)  a unit  header  with  the  units  used  for  the  reported  quantities, 

(4)  a series  of  data  lines,  one  line  corresponding  to  one  GPS  track,  GPS  tracks 

are  ordered  in  chronological  order,  the  track  reported  in  line  n occurring  after  the  tra 
reported  in  line  (n-1).  Each  line  of  the  data  tile  is  limited  to  128  columns  and  is  termina  e 
by  a carriage-return^nd  a line  feed.  The  format  for  one  line  of  data  can  be  represented 

as  follows; 


No  measured  ionospheric  delays  available 

0000000000000000000000000000000000000000000000 
0000000001 11111111 1222222222233333333334444444 

1234567890123456789012345678901234567890123456 

PRN*CL**MJD**STTIME*TRKL*ELV=^AZTH*+*REFSV^**** 

^.*:„***:,=*****^hhiiunss*=^s** . Idg*  . ldg>*=***  ■ Ins***** 

*12*12*12345*121212*1234*123*1234*+1234567890* 

0000000000000000000000000000000000000000000000000000011 

4445555555555666666666677777777778888888888999999999900 

7890123456789012345678901234567890123456789012345678901 

:i=SRSV*****REFGPS****SRGPS**DSG*IOE*MDTR*SMDT*MDIO*SMDI* 

. Ips/s***** . Ins**** . Ips/s* . Ins***** . Ins . Ips/s . Ins . Ips/s 

+12345*+1234567890*+12345*1234*123*1234*+123*1234*+123* 

llllllllllllllllllllimm 
00000000111 1 1 1 1 1 11222222222 
234567890123456789012345678 

CK 

12optionalcommentsoptionalc 


Measured  ionospheric  delays  available 

0000000000000000000000000000000000000000000000 
00000000011 1111 1111222222222233333333334444444 

1234567890123456789012345678901234567890123456 

prn*cl**mjd**sttime*trkl*elv*azth***refsv***** 

♦^.♦♦♦♦♦♦+****hhminss**s** . Idg*  . Idg****  • Ins***** 

*12*12*12345*121212*1234*123*1234*+1234567890* 
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0000000000000000000000000000000000000000000000000000011 

4445555555555666666666677777777778888888888999999999900 

7890123456789012345678901234567890123456789012345678901 

+SRSV***^*REFGPS+**^SRGPS++DSG+IOE+MDTR^SMDT>i'MDIO*SMDI* 

. lps/s***++ . lns**++ . Ips/ s+  . lns*^=***  . ins . Ips/s . Ins , Ips/s 

+12345*+1234567890*+ 12345* 1234*123* 1234*+ 123* 1234^+123* 

111111111111111111111111111 
000000001111111111222222222 
234567890123456789012345678 
MSIO*SMSI*ISG*CK 
. Ins. Ips/s . Ins** 

1234*+123*123*12opt comments 


The  following  is  an  example  of  what  the  data  looks  like,  using  fictitious  data. 


Example  (fictitious  data) 

GGTTS  GPS  DATA  FORMAT  VERSION  =01 
REV  DATE  = 1993-05-28 
RCVR  = AOA  TTR7A  12405  1987  14 
CH  = 15 

IMS  = 99999  or  IMS  = AIR  NIMS  003  1992 

LAB  = XXXX 

X = +4327301.23  m 

Y = +568003.02  m 

Z = +4636534.56  m 

FRAME  = ITRF88 

COMMENTS  = NO  COMMENTS 

INT  DLY  = 85.5  ns 

CAB  DLY  = 232.0  ns 

REF  DLY  = 10.3  ns 

REF  = 10077 

CKSUM  = C3  or  CKSUM  = 49 
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No  measured  ioiiosplieric  delays  available 

PRN  CL  MJD  STTIME  TRKL  ELV  AZTH 

REFSV 

SRSV 

REFGPS 

SRGPS 

DSG 

lOE  MDTR  SMDT  MDIO  SMDI  CK 

hhmmss  s . Idg  . Idg 
3 8D  48877  20400  780  251  3560 

. Ins 

-3658990 

. Ips/s 
+ 100 

. Ins 
+4520 

. Ips/s 
+100 

. Ins 
21 

221 

. Ins . 
64 

Ips/s 

+90 

-27  BBhello 

18  02  48877  35000  780  650  910 

+56987262 

-5602 

+5921 

-5602 

350 

123 

102 

+61 

281  +26  52 

15  11  48878  110215  765  425  2700 

+45893 

+4892 

+4269 

+4890 

306 

55 

54 

-32 

+ 15  A9 

15  88  48878  120000  780  531  2850 

+ 16  18receiv . out  of  operation. 

+45992 

+4745 

+4290 

+4745 

400 

55 

57 

-29 

Measured  ionospheric  delays  available 

PRN  CL  MJD  STTIME  TRKL  ELV  AZTH 

REFSV 

SRSV 

REFGPS 

SRGPS 

DSG 

IDE  MDTR  SMDT  MDIO  SMDI  MSIO  SMSI 
hhmmss  s . Idg  . Idg 

ISG  CK 
. Ins 

. Ips/s 

- Ins 

. Ips/s 

, Ins 

. Ins . Ips/s . Ins . Ips/ s . Ins . Ips/ s . Ins 
3 8D  48877  20400  780  251  3560 

>3658990 

+ 100 

+4520 

+ 100 

21 

221 

64 

+90 

-27  480  -37  18  F4hello 

18  02  48877  35000  780  650  910 

+56987262 

-5602 

+5921 

-5602 

350 

123 

102 

+61 

281  +26  9999  9999  999  89no  meas  ion 

15  11  48878  110215  765  425  2700  +45893 

+4892 

+4269 

+4890 

306 

55 

54 

-32 

+15  599  +16  33  29 
15  88  48878  120000  780  531  2850 

+16  601  +17  29  OOrec  out 

+45992 

+4745 

+4290 

+4745 

400 

55 

57 

-29 

80 


space,  ASCII  value  20  (hexadecimal).  Text  to  be  written  in  the  data  file  i.s  indicated  by  ’ 

File  header 

Line  1:  ’GGTTS*GPS*DATA*FORMAT*VERSION*  = ^01,  title  to  be  written. 

Line  2:  REV*DATE*  = ^’  YYYY’-’MM’-’DD,  revision  date  of  the  header  data,  changed  when  1 
parameter  given  in  the  header  is  changed.  YYYY-MM-DD  for  year,  month  Ind  day. 

“AKER-TYPE-SERIAL  number-year-,  n,ake,  acronym,  type, 

um  er,  rst  year  of  operation,  and  eventually  software  number  of  the  GPS  time 
receiver. 

Line  4.  " * ^ of  the  channel  used  to  produce  the  data  included 

jn  the  hie,  CH  — 01  for  a one-channel  receiver. 

Line  5;  TMS*  = - MAKER-TYPE’-^  NUMBER-’YEAR’-,  maker  acronym,  type,  serial 

I ber,  first  year  of  operation,  and  eventually  .software  number  of  the  Iono.spheric 
Measurement  System.  IMS  = 99999  if  none.  ^ 

Line  6:  ’LAB*  = - LABORATORY,  acronym  of  the  laboratory  where  observations  are  performed. 

''  lllcVsi  2 

2 d“°a,f  ^ ™ 

Line  10:  ’F^ME*  = - FRAME,  designation  of  the  reference  frame  of  the  GPS  antenna  coordi- 
nates. 

Line  11:  COMMENTS,  Any  comments  about  the  coordinate.s,  for  example  the 

method  of  determination  or  the  estimated  uncertainty. 

Line  12.  INT*DLY*  = - INTERNAL  DELAY  ’*ns’,  internal  delay  entered  in  the  GPS  time  receiver 
in  ns  and  given  with  1 decimal.  ’ 

Line  13.  CAB  DLY*  = * CABLE  DELAY  ’*ns’,  delay  coming  from  the  cable  length  from  the 
dedma"  receiver,  in  ns  and  given  with  1 

Line  14:  ’REF*DLY^  = - REFERENCE  DELAY  ’*n.s’,  delay  coming  from  the  cable  length  from 
withTXdmar'^^"^  receiver,  in  ns  aL  given 
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Line  15:  'REF—'  REFERENCE,  identifier 

receiver.  For  laboratories  contributtng  to  TAl  it  can  be  tne  aig 
5-digil  code  of  a local  UTC,  as  attributed  by  the  BIPM. 

■ ,,  .fveiivf.*’  XX  header  check-sum:  hexadecimal  representation  of  the  sura,  modulo 

Line  16:  “SUM  Asc1f™hies  of  the  characters  which  constitute  the  complete  header 

256,  ot  me  in  Line  1 including  all  spaces  indicated  as  and 

with  the  first  letter  . o J (hexadecimal),  ending  with  the  space  after  of 

precedtag  the  actual  check  sura  value,  and  excluding  all  carriage  returns  or 

line  feeds. 


Line  17;  blank  line. 
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Acronyms 


The  following  are  the  defintions  of  the  acronyms 


PRN: 

CL: 

MJD; 

STTIME: 

TRKL: 

ELV: 

AZTH: 

REFSV: 

SRSV: 

REFGPS: 

SRGPS: 

DSG: 

lOE: 

MDTR: 

SMDT: 

MDIO: 

SMDI: 

MSIO: 

SMSI: 

ISG: 

CK; 


Satellite  vehicle  PRN  number. 

Common-view  hexadecimal  class  byte. 

Modified  Julian  Day. 

Date  of  the  start  time  of  the  track  in  hour,  min  and  second  referenced  to  UTC. 
Track  length,  780  for  full  tracks,  in  s. 

Satellite  elevation  at  the  date  corre.sponding  to  the  midpoint  of  the  track  in  0 1 
degree. 

Satellite  azimuth  at  the  date  corresponding  to  the  midpoint  of  the  track  in  0 1 
degree. 

Estimate  of  the  time  difference  of  local  reference  minus  SV  clock  at  the  middle 
of  track  from  the  linear  fit,  in  0.1  ns. 

Slope  of  the  linear  fit  for  REFSV  0.1  ps/s. 

E.stimate  of  the  time  difference  of  local  reference  minus  GPS  time  at  the  middle 
of  the  track  from  the  linear  fit,  in  0.1  ns. 

Slope  of  the  linear  fit  for  REFGPS  0.1  ps/s. 

[Data  Sigma]  Root  mean  square  of  the  residuals  to  the  linear  fit  for  REFGPS 
in  0.1  ns. 

[Index  of  Ephemeris]  Three  digit  decimal  code  (0-255)  indicating  the  ephemeris 
used  for  the  computation. 

Modelled  tropospheric  delay  at  the  middle  of  the  track  from  the  linear  fit  in  0 1 
ns. 

Slope  of  the  modelled  tropospheric  delay  resulting  from  the  linear  fit  in  0.1  ps/s. 
Modelled  ionospheric  delay  resulting  from  the  linear  in  0.1  ns. 

Slope  of  the  modelled  ionospheric  delay  resulting  from  the  linear  fit  in  0.1  p.s/s. 
Measured  ionospheric  delay  resulting  from  the  linear  fit  in  0.1  ns. 

Slope  of  the  measured  ionospheric  delay  resulting  from  the  linear  in  0.1  ps/s. 
[Ionospheric  Sigma]  Root  mean  square  of  the  residuals  to  the  linear  fit  in  0.1  ns. 
Data  line  check-sum;  hexadecimal  representation  of  the  sum,  modulo  256,  of 
the  ASCII  values  of  the  characters  which  constitute  the  data  line,  from  column 
1 to  space  preceeding  the  check-sum.  (both  included).  There  can  be  optional 
comments  on  the  data  line  after  the  check  sum  out  to  the  128  character  line 
length.  These  characters  are  not  included  in  the  line  check-sum. 


CONCLUSIONS 

The  new  GPS  data  format,  along  with  the  prescription  for  processing  short  term  data,  can  help 
improve  common--view  time  transfer.  Especially  with  the  implementation  of  SA,  common-view 
tracks  can  be  significantly  degraded  if  the  two  receivers  tracking  in  common  view  do  not  work 
Identically.  The  new  standard  can  help  us  move  toward  a goal  of  1 ns  time  transfer  accuracy 
across  intercontinental  distances  using  GPS  time  transfer  in  common-view 
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QUESTIONS  AND  ANSWERS 


DAVID  ALLAN  (ALLAN'S  TIME):  I would  like  to  jusi  highlight  the  importance  of  the 
paper  you  presented  on  thts  new  standard.  lust  to  tell  everybody,  we  believe,  as  we  go  through 
the  theory  of  all  the  errors  in  common  view,  that  with  this  new  standard  that  an  accuracy  of 
one  ns  is  achievable.  To  date,  only  about  four  ns  has  been  documented  just  by  way  of  where 
we  are  versus  where  we  think  the  standard  can  take  us.  So  I think  it’s  very  important  work  for 
the  operational  aspects,  for  clock  input  to  TAI  and  UTC.  So  thank  you  for  sharing  it  with  us 


The  other  point  that  I would  like  to  make  is  on  the  TDEV  plot,  that  it  is  not  a necessary  and 
sufficient  condition  that  if  you  have  a hump  in  the  data  that  it’s  due  to  a periodic  event.  There 
are  at  least  two,  and  probably  more,  basic  proce.s.ses  in  the  e.ssay  .spectrum,  and  if  one  looks 
at  longer-term  data,  in  fact,  this  is  confirmed;  and  there  is  not  necessarily  just  the  60-minute 
type  periodic  phenomena.  It’s  really  two  pretty  much  separate  parallel  processes;  and  in  fact 
period  modeling  is  not  the  best  model  that  one  would  want  to  use. 


I .simply  want  to  point  out  that  it’s  not  a necessary  and  sufficient  condition,  given  a hump  that 
there  is  a periodic  event.  ’ 


M.J.  VANMELLE  (ROCKWELL):  A couple  of  Ihings.  The  rubidium  k ou  20  and  not  on 

Zj.  oo  it  s nHrd  to  tell  between  rubidiums  and  cesiums  there. 

Also,  did  you  ever  do  the  experiment  on  the  satellites  that  don’t  have  SA  on  them,  like  number 
ten.  Do  you  get  that  same  two  ns  error  with  15  .seconds  separation? 

(NIST):  No,  it’s  lower.  I’m  .soriy,  at  15  .seconds.  I’m  not  sure.  There 
should  be  very  short-term  --  I’m  not  sure  what  we  were  trying. 

HAROLD  CHADSEY  (USNO):  A quick  question  for  you.  You  were  talking  about  the  fact 
that  when  you  do  the  common  view  that  everything  drops  out.  What  about  geometrical  effects? 
i^so,  the  fact  that  speed  of  the  wave  is  not  coastant  through  the  atmo.sphere,  and  you’ll  be 
effected  more  through  a thick  atmo.sphere  than  through  a small  atmosphere? 

MARC  A.  WEISS  (NIST):  What  I said  that  the  effects  of  Selective  Availability  cancel 
completely  if  you  do  exact  common-  view  time  tran.sfer  and  u.se  a post-proce.s.s  ephemeris.  Of 
TOurse,  the  effects  of  ionosphere  and  troposphere  are  still  there.  Those  need  to  be  dealt  with 
The  iono.sphere,  by  measuring,  and  the  tropo.sphere  can  be  helped  afso  with  measurements. 
Ihey  need  to  be  if  we’re  going  to  get  the  best  we  can. 

GERNOT  M.  WINKLER  (USNO):  I think  the  time  has  come  to  start  a little  controversy 
because  we  are  all  too  peaceful  down  here.  You  have  somehow  attacked  obliquely  one  of  the 
tenants  of  my  gospel  which  I have  been  preaching  for  10  years.  That  is  the  melting  pot  method 
^n  average  out  by  having  a sufficient  amount  of  data  --  it  can  average  out  the  effects  of 
Selective  Availability.  Your  comment  was  that  you  cannot  be  sure  that  biases  are  averaging 


I want  to  reniind  you  that  the  common  view  --  that’s  true;  I mean,  the  common  view  cancels 
the  effect  of  Selective  Availability;  but  in  the  Selective  Availability,  the  satellites  themselves  are 
not  correlated;  and  the  noise,  which  is  superimposed,  is  strictly  bounded.  So  if  you  have  these 
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conditions  and  a sufficient  araonnt  of  data  collection,  yon  cotnpletely  suppress  the  i"dividnal 
noise  It  just  depends  on  how  mtich  data  yon  need.  And  tt  turns  out  that  i yon  a 
eighMhannel  receiver  and  you  average  about  six  hours,  that  you  cannot  distinguish  the  resulting 
time  transfer  data  from  what  we  obtain  with  Ihe  keyed  receivet. 

The  great  advantage  of  a melting-pot  method,  compated  ■h';  “T You 
robu«  method  You  obtain  perfection  just  commensurate  with  the  effort  that  you 
to  nreroal  checks  on  the  iLult  which  you  have,  because  we  have  a statistic  of  the  var.anonv 
In  a case  of  the  common  view,  you  have  nothing.  We  know  that  m practice  your  one  ns  or  two 
ns  accuracy  cannot  be  achieved.  The  question  is,  how  do  you  check  operation  in  an  automatic 
do  yon  check  that  you  really  can  rely  on  a single  data  pom.  in  comparison  to 
Te  tolting  pot  where  you  always  have  lots  of  data?  Whatever  happens,  i.  will  produce  an 

outlier  which  is  rejected. 

So  I wanted  to  bring  that  out  because  there  is  a great  difference  in  the  basic  philosophy^  In 
the  common  view,  theoretically  you  have  a superior  method;  but  in  practice,  I maintain 
are  weaknesses-  and  do  you  lack  a measure  of  performance  as  compared  to  the  P 

method  w^rc  yon  havc'evciything  you  need7  Do  you  have  really  a robust  method  which 
protects  you  against  outliers  of  whatever  magnitude  in  fact? 

MARC  A WEISS  (NIST):  I would  like  to  respond  to  that.  Thank  you.  Dr.  Winklei.  I 
forta^now  wl’ve  had  differences  on  this.  It’s  going  to  wake  people  up  a little  bit.  One 
S IrthTwe  don’t  have  only  a point  in  common  view.  We  can  do  pretty  much  everything 
with  common  view  that  you  do  with  a melting  pot,  and  more.  That  with  the  melting  pot,  if 
v^h^vTa  eight^hannel  receiver  at  two  locations,  then  why  not  take  the  eight  channels  o 
Lta  simultaneously  at  the  two  locations  and  cancel  all  the  effects  of  SA,  and  then  use  robu 
statistics  on  the  resulting  data  where  all  the  biases  have  been  cancelled  and  all  that  is 

the  noise?  So  I think  all  the  statistics  that  you  do  with  melting  pot  are  still  there  with  commo 

view. 

The  other  thing  is  that  because  data  are  bounded  does  no.  in  itself  imply  that  averaging  brings 
y„.t  din  lo  a single  correct  number.  1.  may,  in  fact  - I don’t  donb.  that  has  worked  on 
Lny  occasions;  but  simply  saying  that  they're  bounded  does  no.  - there  s no  reason 
should  average  down  correctly. 

GERNOT  M WINKLER  (USNO):  But  we  have  a check,  because  you  look  at  the  distribution 
of  mealrlcn.  points.'  On  that  you  simply  add  all  that  area,  which  we  have  to  do  to 
obtain  the  competence  of  that  area. 

xtfArx-  A WFms  fNISTV  I don’t  agree  with  that.  You  can  have  all  the  data  averaging 
IwnTo  fhelroifnumlr  ’i  tmderstan^d  that  that  is  no.  what  you've  found  by  doing  it.  But 
there’s  no  guarantee  that  that  always  will  happen. 

CLAUDINE  THOMAS  (BIPM):  Of  course,  I will  have  some  words.  For  TAI,  we  have  46 
Sn^ibuting  laboratories,  I mean,  laboratories  keeping  local  UTC;  and  most  of  them  are  using 
GPS  now  First  of  all,  all  of  these  laboratories,  except  maybe  USNO,  have  only  one  channel 
CA  code  receiver.  That  is  to  say,  except  for  USNO,  no  one  has  one  channel  receivers  which 
are  given  reliable  measurements.  So  obviously,  we  have  no  data  to  do  the  measurements  a 
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the  present  time, 
point. 


Maybe  it  will  come,  but  that’.s  not  the  case  for  the  moment.  That’s  the  first 


The  second  point  is  that  view  of  the  BIPM  for  the  computation  of  TAI  has  always  been  to  try 
to  reduce  errors  in  the  physical  phenomena  which  are  invoked;  for  instance,  for  the  ionospheric 
delay  we  like  to  use  measured  iono.spheric  delays  as  they  are  labelled.  For  the  position  of  the 
satellite,  we  like  to  use  precise  satellite  ephemerides.  For  the  antenna  coordinates,  huge  work 
was  done  .some  years  ago  by  my  colleague.  Dr.  Lewandowski  (he  can  speak  about  that)  in 
which  he  found  accurate  positions  for  the  antennas.  So  we  have  always  tried  to  phase  all  our 

purees  and  trying  to  reu.se  them.  That  was  our  viewpoint  and  that  is  what  we  did  until  now 
Jnat  was  the  way  we  worked. 


The  last  point,  of  course,  common-view  time  transfer  is  done,  it’s  computed.  To  find  time 
ifference  f>etween  two  local  UTCs,  we  have  a range,  of  course,  for  a long-distance  time  link, 
like  between  NIST  and  OP;  we  have  a range  common  view  for,  let’s  say,  two  or  three  days  So 
we  have  some  kind  of  average  of  course.  For  a smaller  distance,  like  between  Paris  and  PTB 

ermany,  we  have  a range,  let’s  say,  of  le.ss  than  one  day.  So  that  is  to  .say  we  have  some  kind 
or  average  too. 


I would  say  that  what  we  are  doing  at  the 
have. 


present  time  is  the  best  we  can  do  with  the 


data  we 


lUCHARD  KEATING  (USNO):  You’ve  stated  that  with  common  view,  you’re  eliminating 
all  these  errors.  I assume  that’s  because  of  .symmetry.  But  that’s  a theoretical  position.  When 
you  get  down  to  actual  practice,  reality  doesn’t  always  follow  theory.  I just  have  to  ask  you 
ow  confident  are  you  that  you  have  no  biases  in  common  view?  Can  you  really  say  that  you 
can  average  and  you  are  not  getting  any  biases? 

MARC  A.  WEISS  (NIST):  Well  what  would  a bias  be  due  to? 


RICHARD  KEATING  (USNO):  Well,  for  example.  I’ll  give  you  an  example.  I have  .seen 
estimate.s  of  precise  ephemeris  accuracies.  They’ve  ranged  from  anything  from  one  meter  to  20 

meters.  There  is  a real  possibility  there  that  your  precise  ephemerides  may  not  be  as  accurate 
and  may  contain  real  biases. 


MARC  A.  WEISS  (NIST):  I think  that’s  a good  point  in  fact.  Biases  have  to  be  due  -- 
If  you  look  at  the  common-view  process,  you  have  the  .satellite  and  then  you  have  the  ground 
stations  on  the  earth;  and  then  you  have  the  atmosphere.  So  if  you  measure  it  exactly  at 
the  same  time  --  the  only  thing  I’m  claiming  that  cancels  exactly  is  Selective  Availability.  In 
fact,  the  only  thing  I know  for  sure  that  cancels  is  clock  dither.  The  ephemeris  cancels  to  the 
extent  that  an  error  is  perpendicular  to  the  line  between  the  .satellites.  If  there  is  an  error  in 
t e .satellite  position,  it  will  add  an  error  to  common-view  time  transfer.  And  in  fact,  with 

precise  ephemerides,  prior  to  having  the  laser  reflector,  we  had  no  way  of  knowing  if  they  were 
accurate.  They  were  .simply  consistent. 

Errors  can  also  come  in  the  atmosphere  due  to  ionosphere  and  due  to  tropo.sphere,  due  to 
multi-path  at  the  station.s,  and  due  to  coordinate  errors.  So  all  of  those  things  can  add  errors 
It  s going  to  be  true  whether  you’re  using  melting  pot  or  common  view  or  anything.  Those  are 
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all  in  GPS.  Whenever  you  do  GPS,  you’re  concerned  about  ephemeris,  ionosphere,  troposphere, 
and  multi-path,  and  coordinates. 

I think  a Doint  that  I would  really  like  to  stress  about  that  --  and  1 think  your  point  is  well 
made  - b that  if,  the  difference  between  accuracy  and  stability;  that  yon  can  have  numbers 
that  aeree  perfectly  that  are  extremely  well  consistent  and  are  consistently  wrong.  For  example 
^i^  to^k  a commercial  cesium  clock  - and  this  is  the  difference  between  a aimmercial 

cesium  and  a laboratoiy  primaty  standard.  If  yon  have  a ^ 

by  a manufacturing  technique,  and  there’s  a millimeter  error  m the  end-to-end  phase  shilt 
Ihe  cavity  all  the  clocks  will  have  that;  and  they’ll  all  be  off  in  freqnemy  because  of  that  m 
exactly  the  same  way;  and  all  the  other  effects  will  average  down  and  yon  II  end  tip  with 
that  does  not  average. 

That’s  an  example  of  the  difference  between  stability  and  accuracy.  I think  we  need  to  be  very 
lOreM  when  w':'  use  the  word  ’’accuracy.”  We’re  not  talking  about  »mething  that  you  can 
average;  we’re  talking  about  something  that  you  have  to  prove. 

GERNOT  M.  ’WINKLER  (USNO)i  You’re  example  is  making  my  point.  How  do  you  find 
out  that  all  of  these  cesiums  have  a bias? 


MARC  A.  WEISS  (NIST):  You  evaluate  them. 


GERNOT  M WINKLER  (USNO):  You  evaluate  them  and  you  look  at  the  statotical 
St?o^  oVwhat  there  frequencies  are;  and  yon  compare  them  with  a standard.  You  found 

out  how  it  is. 

A/fATir'  A WEISS  (NIST):  But  you  don’t  compare  with  another  standard.  You  evaliiate 
rm^lpe„T.fy!yiTLalure  th^e  effects  through  something  that’s  completely  independent. 

CLAUDINE  THOMAS  (BIPM):  There’s  a very  big  question  of  the  difference  J’etween 
CLAO UlNta  1 ^ fundamental  and  formal  papers 

abourthararthe  BIPM  We  consider  that  an  accuracy  is  characterized  by  an  uncertainty  given 
^a  lnetigmfvalne  which  was  from  the  quadratic  sum  of  the  different  uncertainties  which  are 
estimated  from  the  different  sources  of  errors  which  appear  within  common-view  time  t«nsfer_ 
rhar^eTi  arthe  BIPM  tried  to  do  that,  and  1 think  that  we  can  estimate  an  uncertainty  of 
n ns  y,  eiaht  to  ten  ns,  one  sigma  for  long-distant  OPS  common  view,  using  precise 

sSite  ephemerides  from  the  IGS,  and  ionospheric  measurements  and  with  the 
that  the  receivers  themselves  are  correctly  calibrated,  which  may  not  be  the  case, 

^^l  ad^of  course,  a bias.  So  let’s  say  eight  to  ten  ns,  one  sigma  as  the  accuracy  of  GPS 

common  views. 
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SOME  PRELIMINARY  RESULTS  OF  THE  FAST 

CALIBRATION 

TRIP  DURING  THE  INTELSAT  FIELD  TRIALS 


W.J.  Klepczynski  (USNO) 

US  Naval  Observatory 
Washington  D.C.,  USA 

J.A.  Davis  (NPL) 

National  Physical  Laboratory 
Teddington,  UK 

D.  Kirchner  (TUG) 

Technical  University  of  Graz 
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H.  Ressler  (SRI) 
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Graz,  Austria 

G.  De  Jong  (VSL) 

NMi,  Van  Swinden  Laboratories 
Delft,  The  Netherlands 

F.  Baumont  (OCA) 

Observatoire  de  la  Cote  d’Azur 
Grasse,  Prance 


P.  Hetzel  (PTB) 
Physikalisch  Technische 
Bundesanstalt 
Braunschweig,  Germany 

A.  Soeriiig  (FTZ) 
Forschungs-und 
Technologiezentrura 
DBP  Telekom 
D armstadt , Germ  any 

Ch.  Hackman  (NIST) 
National  Institute  of 

Standards  and  Technology 
Boulder,  Colorado,  USA 

M.  Granveaud  (LPTF) 
Observatoire  de  Paris 
Paris,  Prance 

W.  Lewandowski  (BIPM) 
Bureau  International 
des  Poids  et  Mesures 
Sevres,  Prance 


ng  the  INTELSAT  V-A(F13)  satellite  at  307oE  were  started.  The  experiment  was  set  ud  to  last 

Thlleli  laboratories  and  two  North-American  time  laboratories 

ree  times  a week,  5-minute  time  transfer  sessions  were  scheduled.  At  each  of  these  laboratories 
GPS  common-view  time  observations  were  also  performed  aiooraiories, 

in  FuT  “ calibration  trip  which  visited  participating  laboratories 

IFAStTZT  t>^o-way  station  (Fly  La,  STation 

, onging  o SNO,  and  a portable  GPS  time  transfer  receiver,  belonging  to  BIPM.  The 
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analysis  of  (his  calibration  campaign  are  reported  here. 


I.  Introduction 

The  TWSTT  technique  has  developed  the  reputation  of  being  one  of  the  most  accurate  and 
The  TWbl  1 technique  nas  u i i Calibration  Trip  was  to 

technique  which  has  reached  its  full  capability.  This  relatton  can  be  shown  as. 

FULL  CAPABILITY  Accuracy  = Precision 

if  the  accuracy  of  a measurentent  process  is 

than  systematic  errors  are  still  affecting  the  process.  The  technique  is,  then,  y 
quality. 

'■  'r: -S' 

™,L"  ~ ;-n  ~ ~ 

the  measurement  process. 


II.  FAST  Calibration  Trip 

With  regard  to  calibrating  or  determining  delays  through  a system,  there  are  three 

(AC).  . . 

u iri  hr-  tn  measure  the  delays  throughout  a small  portable  station  and 

(ASC). 
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e;;:“pLm  t:  srde;:;„:s  Tr ^'-r 

calibration  (RSC)  ^ approach  could  be  called  relative  system 

o?TWmVeW  afNPr“«XM9^  '^-“'"8  G™"P 


III.  Observational  Plan 

=::retr:4r3r  r 

.ha  experi^en,.  Then,  relative  ealihraiion 

The  observation  sequence  followed  at  each  laboratory  visifert  hv  fh.  pact’  -r 

making  side-by-side  measurements  between  the  FAST  anH  of 

order  to  correct7or*“ra4'4“e4ah'r^^^^^  ’•< 

IV.  Data  Analysis 

rrrt  rei“  Lr  B^rs‘iH’",Jsrh:d  ^ r-  ■’■ 

starting  point  at  the  time  of  the  writing  of  thk  ^ ^ ^ ^ returned  to  its  initial 

happened  to  the  FAST  during  the  trip  has  no,  yerbee^orform^ 

.4  “i;:LT'4o,;r.‘hr  T,T  ^ '■“•  -"><><1  » see  i,  .here 

«>n.p„te  a ^a,ue  J tt  fSf 'Srtcfb etr^"*  ^^T^t  “ ““ 

VSL  [FAST(VSL)-VSLfBase  Station'll  Th..c  a ^ 

can  compute  the  differences  between  the  h ^ a 8’''^"  Table  IV.  Next,  one 

K uic  uiiicrences  between  the  observed  values  for  FASTfV^l  'i  \/qi  m c. x 

and  the  computed  one.  This  is  given  in  Table  V.  The  data  in  T ^^“^^^(Base  Station) 

procedures  agree  to  within  about  a nanosecond.  ^ indicates  that  the  two 

V.  Discussion 

TaN^  another  fact  that  has  been  the  subject 

on  INTELSAT  V-A  (FH)  which  covers  ETiroi?  a ^ ^'*''1.^  through  the  spot  transponder 
tri.s;  Which  covers  Europe.  The  data  exhibited  in  Tables  II  and  III  was 
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oHained  .Kr„„gh  .he  .raasponde.  which 

n,eas.,red  for  .he  difference  be.wee„  f ^ST  tea.ed  a.^  intermediary 

the  data  computed  from  the  h the  different  transponders  are  not  that 

is  so  dose  together,  it  seems  that  the  delay.  g „ocedure.  In  any  event,  this  is  a 

much  different.  This  is  not  cone  ^ evolves  in  TWSTT,  it  is  easy  to  visualize  that 

notable  observation.  Once  a permanent  routin  jers  of  the  satellite  being  used. 

Z :SXrmer^S:.  bcca.,sc  i.  is  a possible  so.,rce  con.ribn.ing  .o  .he 

systematic  errors  of  the  measurement  process. 

VI.  Conclusions 

Preliminary  analysis  of  some  of  .he  da.a 

i„dica.e  .ha.  .he  eqrhpmen.  1'  *"= 

.he  FAST  is  re.iirned  .o  USNO  i.  P _ s.a.ions  which  par.icipa.ed  in  .he  cxperimen., 

.he  nex.  ro.md  of  in.ema.ional  rime  .ransfers. 
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Table  I Observed  Time  Differences 
[FAST(VSL)-VSL(Base  Station)] 

IZlD  49625.52419  I 49626.35815 

Observed  (FAST-VSL)  | -667.28  ns  | -669.31  ns. 

Table  II  Observed  Time  Differences 
[USNO(Base  Station)  — VSL(Base  Station)] 
“MJD  I 49624.62534  I 49626.48090 

Observed  (USNO-VSL)  | 122.13  ns.  | 130.32  ns. 

Table  III  Observed  Time  Differences 
[USNO(Base  Station)  - FAST(VSL)] 

“MJD  49624.62327  I 49626.46942 

Observed  (USNO-FAST)  | 790.14  ns.  | 797.97  ns. 

Table  IV  Computed  Time  Differences 
[FAST(VSL)-VSL(Base  Station)] 

MJD  49625  I 49626 

Computed  (FAST-VSL)  | 668.01  ns.  | 667.65  ns. 

Table  V Observed— Computed  Time  Differences 
of  FAST(VSL)-  VSL(Base  Station) 

MJD  49625  I 49626 

(O-C)  FAST-VSL  0.73  ns.  | -1.67  ns. 
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PANEL  DISCUSSION  ON  WORKSHOPS 


Moderator:  Raymond  L.  Filler 
US  Army  Research  Laboratory 


T " -Wch  occurred 

yesterday.  Today  we  re  going  to  have  our  three  session  chairpersons  (one  is  missing  in  action) 

dme  wee’ll  h\  transpired  at  their  session  yesterday.  Then  for  the  rest  of  the 

time,  we  II  have  audience  questions.  We’re  going  to  start  with  Joe  White  from  the  NRL  whose 
session  was  entitled  “Real  Time  Automated  Systems.” 

muS  ^ yesterday,  we  had  about  30  or  .so  people,  pretty 

Tnd  h.  f to  define  what  a real-time  automated  system  was 

and  basically  came  up  with  this  kind  of  thing  - that  it  was  .system  that  provided  ti^e  «; 

frequency  or  both  to  the  user  specification  actually  in  real  time;  that  it  might  include  some 
sort  of  d historical  calibration  feature;  but  that  basically  what  he  wanted,  he  got  out  of  the 
spigot  right  when  he  asked  for  it.  ^ 

The  other  thing  about  the  automated  part,  in  particular,  was  there  was  not  a frequent  operator 

tatl^^H  II  If  wouldn’t  be  an  operator  around  it  at  alb  we 

about  fully-unattended  and  remotely-controlled  type  applications.  The  applications  of 

these  sy.stems  would  typically  include  things  like  national  time  .scales,  remote  time^sLions  and 
as  embedded  pieces  of  equipment  m military  systems,  telecommunication  systems. 

L^"thtTrde^r'r/^T'‘""^  k?!/'  was 

. . better  time  accuracy;  frequency  accuracy  to  at  least  a part  in  10^'- 

and  again,  this  depended  with  .some  of  them  being  as  good  as  part  in  10>^;  and  frequency 

^tabihty,  ranging  from  hydrogen  maser  systems,  like  a radio  observatory  system,  to  parts  ^n  lO'^ 

at  a second  to  other  systems  that  might  only  be  in  parts  in  10*3  J in 

performance  wa.s  tar  we  required  a synchronizarion  ro  some  nariona'l  slnda^  L a.tas" 
some  network  standard,  and  usually  by  a GPS  or  two-way  time  transfer  measnremel 

When  we  talked  about  the  measurements,  one  of  the  things  that  came  out  that  neonle 
oiig  was  important  there  was  that  the  measurements  be  accurately  time-tagged  when  they’re 
c^kc  ed.  Those  of  you  that  played  with  these  systems,  particularly  things  r^fu  by  PCs  know 
ha  those  t, me  tags  can  often  be  in  large  error.  And  we  talked  about  Laos  o?  doing  27 
mchiding  having  a hardware  clock  in  the  measurement  system  that  provided  very  accurate^ime■ 
or,  alterna  tvely,  using  one  of  the  telephone  or  network  time  synch  mechanism^for  the  control' 
computer  to  keep  it  on  time  to  the  milli.second  range. 

Naturally,  we  all  wanted  nice  quiet,  unambiguou.s  mea.surements,  and  we  decided  in  general 
that  meant  making  time  mea.surements  - or  frequency  measurements,  I should  ly  - at 
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5 MH.  .o  se.  ..e  -o-- 

» *»„  p„.e.o ...... ..aH.hi„, 

the  right  to  triggering  levels,  the  effects  of  long  cables,  those  krnris  of  thing  . 

We  next  rallied  abont  distribution  ^ 

local  environnten.  on  f » f ‘*^0*:' Thi^g  It  went^^^^^^^^  havj’a  good  way  of 

iTIcring'to  it!  that  the  connectors  that  were  “rncll-Heady  »ve^ 

We -- wS™  ioTilittton  of'at  “ P*"'*’ 

100  dB  from  output  to  input,  which  we  have  seen  some  systems  no 

The  other  thing  that  was  kind  ennteresting^n  di— 

systems,  for  instance,  a ,„ay.  and  ano.her  that 

wameiTto  have  as  a real-time  automated  system.  So  sometimes  the  whole  rnterconnectron  and 
distribution  gets  to  be  a pretty  large  problem. 

From  there,  we  wen.  to  software.  - --"y-t'ir'^VtbtfrTr  itr"  H Ve'Tm'lu 
Sam  Stein  gave  what  I thought  was  a , operation.  For  instance,  losing 

error  in  the  system  caused  only  small  P , P ^ immediately  to  computers, 

one  device  in  the  system  Icr  iare,  the  speciL  software  you 

iet  A ir'f  ThiXiiNix 

peril  in  changing  versions  of  operating  systems  that  ran  the  whole  thing. 

. u U F . -arrara  wt*  talked  about  the  trade-oflf  between  single  point  failures  and 

redundant  sides  together,  that  often  you  actually  go.  to  ■*  .’m, 

part,  but  also  in  the  piece  that  used  the  time  and  frequency. 

We  ended  the  robustness  part  with  trying  to  define*^thar^There^  arr  really  two 

Tbust “t  r erv;r:^nl:.''m“:.t:r:b.,s.  a.  an  for  another^  And  the  o^her  problem  was 
that  ifs  awfully  hard  to  f ^Tem.  ^you  almost 

ry:«To;r.rr:tsr^^^^^^^^  lo  , .hink  we  wound  rrp  agreeing  .hat  we  had 

a difficult  problem  that  we  didn’t  quite  know  how  to  define. 
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We  ended  up  talking  about  maintenance  and  testing.  The  general  consensus,  as  far  as 
maintenance  went,  was  that  we  thought  that  systems  should  be  maintained  generally  at  the  box 
level  in  the  field;  that  the  modern  hardware  is  simply  too  complex  to  deal  with  in  the  field; 
that  no  matter  how  well  you  train  your  technicians,  it’s  very  difficult,  it’s  very  expensive;  that, 
in  general,  you  ought  to  have  a lot  of  spares  and  rotate  them  around  and  let  the  manufacturer 
or  at  least  some  highly-trained  depot  deal  with  most  of  those  issues.  To  support  determining 
when  we  had  problems,  we  talked  about  built-in  tests;  and  also,  about  a remote  diagnostics 
capability. 

That’s  pretty  much  it. 

RAY  FILLER:  Thank  you.  Next,  we’ll  have  Dick  Sydnor  from  JPL.  His  .session  was  entitled 
“Real  World  User  Requirements.” 

RICHARD  SYDNOR:  None  of  us  seemed  to  know  exactly  what  that  title  meant,  .so  it  took 
a little  bit  to  get  the  thing  going  and  we  sort  of  wandered  over  a large  area. 

The  first  part  of  the  discussion  was  sort  of  a deja  vu;  we  have  talked  about  this  many  times 
in  the  past,  and  it’s  the  problem  of  communication  between  the  supplier  and  the  user.  We 
had  a number  of  examples  of  a user  having  incomplete  specifications.  He  forgets  that  he’s 
going  to  take  the  spacecraft  oscillator  and  launch  it.  So  it  has  to  have  a shock  and  vibration 
specification,  and  he’s  left  that  out.  Then  he  comes  and  says  “Gee,  it  broke.”  That  kind  of 
thing  happens  more  often  than  you  might  think. 

Also,  on  the  other  hand,  sometimes  the  oscillator  or  frequency  standard  supplier  doesn  t have 
a really  complete  set  of  specifications  in  his  catalog.  He  doesn’t  say  what  effect  vibration  has 
on  phase  noise,  for  example;  so  .sometimes  it’s  difficult  to  figure  out  exactly  what  this  particular 
item  is  going  to  do  in  your  environment. 

It  was  suggested  that  the  supplier  whongets  a set  of  specifications  from  a user  should  question 
those  requirements.  He  knows  more  about  his  o.scillators  than  the  user  does  probably.  And  if 
something  looks  a little  bit  awry,  then  he  should  question  that  and  find  out  if  the  user  means 
what  he  says,  or  if  he  has  left  something  out.  Many  times  the  user  is  not  very  familiar  with 
the  oscillator  and  how  it  works,  and  its  problems.  And  so  there  is  a misunderstanding  of  what 
some  of  the  specifications  need.  So  there  is  a need  for  user  education. 

But  who  is  responsible  for  that?  That  was  kicked  around  for  quite  awhile.  And  John  Vig  had 
some  comments  about  availability  of  literature  that  would  outline  tests  and  give  information 
to  the  user.  Some  users  say  there  is  no  information  out  there.  And  it  just  means  that  they 
haven’t  really  looked  very  much. 

I think  the  best  suggestion,  but  probably  the  hardest  to  implement  in  that  area,  was  that  the 
supplier  should  be  involved  in  the  procurement  from  the  very  beginning.  And  that’s  a little 
hard  to  do  with  the  present  legal  situation  where  you  have  competitive  bids,  how  you  get  all 
these  suppliers  involved  in  it.  But  still,  it  looks  like  the  most  logical  way  to  handle  some  of 
those  problems.  Those  problems  have  been  discussed  many  times  in  the  past,  and  no  .solution 
has  been  forthcoming  as  yet. 

Then  we  .sort  of  wandered  away  from  that  area,  and  we  started  talking  about  problems. 
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various  specific  problems  in  terms  of,  say,  distribution  systems,  time  delay  variations  in  cables, 
fiberoptics,  how  you  stabilize  fiberoptic  systems,  good  connectors,  that  sort  of  thing;  how  you 
make  sure  that  if  you  have  a large  network  and  you  distribute  it  in  time  to,  say,  a bunch  of 
people  that  are  all  various  distances  away  from  your  main  control  clock,  how  they  all  have  the 
same  time,  rather  than  varying  all  over  the  place  due  to  the  length  of  the  cables.  We  had  quite 
a bit  of  discu.ssion  on  that. 

Somebody  asked  what  do  the  margins  mean  in  a specification;  and  there  is  90  percent  probability 
that  it  will  do  such-and-such.  Do  people  really  understand  that?  I think  the  answer  on 
that  one  was  that  nobody  really  knows  exactly  what  is  meant  by  that  margin  statement,  and 
most  people  would  rather  have  a specification  that  says  it’s  guaranteed  to  do  no  worse  than 
such-and-such. 

There  were  some  comments  about  various  problems  with  crystal  oscillators.  It  was  brought  to 
our  attention  that  crystal  oscillators  stored  at  a very  low  temperature  .sometimes  comes  back 
out  of  that  as  a completely  different  crystal  oscillator  than  the  one  you  put  in.  There  are  aging 
rate  changes  and  everything  else. 

That  pretty  much  handles  it.  We  had  a large  group  in  here.  I would  say  the  room  was  half 
full.  But  we  had  only  five  or  six  people  that  really  contributed.  Thank  you. 

R-AY  FILLER:  I’m  sorry  that  our  third  se.ssion  chairman  is  not  here.  But  if  anybody  who  was 
there  wants  to  make  some  comments,  that’s  fine. 

We’re  going  to  open  the  floor  now  to  anybody  for  questions,  comments,  discussion  of  any  sort, 
on  this  topic  or  maybe  any  other. 

GERNOT  M.  WINKLER  (USNO):  It  may  be  useful  to  elaborate  a little  bit  more  on  your 
comments  about  margins  and  specifications.  It’s  a problem  which  comes  up  over  and  over 
again;  and  that  is  that  a system,  whatever  kind,  has  certain  system  performances;  and  then 
you  have  accidents.  The  two  come  from  different  di.stributions.  And  I think  they  should  be 
separated. 

It  makes  no  sense  to  include  accidents  in  a .system  specification;  if  you  separate  them,  you 
can  put  a limit  on  how  many  you  will  tolerate  per  year,  or  per  month,  or  whatever.  But  the 
.system  should  be  characterized  after  these  accidents  have  been  separated;  because  otherwise, 
you  characterize  two  different  processes  with  one  number. 

RICHARD  SYDNOR:  The  margin  discussion  would  have  more  to  do  with  things  like  radiation 
expo.sure;  after  a certain  number  of  rads  of  radiation,  the  probability  is  ninety  peercent  that 
it  will  be  within  a certain  range.  That  .sort  of  thing  is  typically  what  you  get  with  radiation 
exposure,  for  example.  The  specs  you  see  in  manufacturers’  catalogs  on  something  says,  for 
example,  at  a second,  a part  in  10'^.  To  me,  that  means  that  it’s  no  worse  than  that,  under 
any  mndition.  A benign  environment,  obviously. 

But  if  you  are  talking  about  sy.stems,  then  you  have  to  know  not  only,  say,  an  upper  limit, 
you  have  to  know  what  the  spread,  what  the  distribution  of  the  things  are.  And  that’s  not  in 
the  manufacturers’  catalogs.  And  many  of  them  probably  don’t  even  know  what  it  is.  Some 
manufacturers  will  supply  that  information,  if  it’s  available,  and  they  give  it  in  terms  of  a 
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DICK  KLEIN  (LOCKHEED  AT  KENNEDY  SPACE  CF^r^’P’n^  . u u 

weve  noted  with  more  than  one  vendor  they’ll  take  the  ^nerifi  the  things 

specification  of  an  oscillator  and  mihlkh  it  tu  u ^ ^^ficatjon,  particularly  a short-term 
• • 1 ’ publish  it  as  the  short-term  snecification  nf  r^pc 

Ignoring  the  pertubation  of  the  circuitry  within  the  receiver  itse^  TnT.  r a f 
problem  in  more  than  one  vendor  Partimlarlu  r.  ui  found  that  to  be  a 

on  the  1 MHz  outmit  AnH  > t rticularly  one  problem,  you  could  almost  see  a IRIG  A 

JOE  WHITE:  I think  that  happens. 

conscousnes.,  of  bofh  .anufacuo.rs  and  use.  u,  insist  on  AM  spedficadons 

“sf  mannfactnrers  don’t  even  know  what  the 

and  not  the  AM  componL,  ’ P'’““  component 

involves  major  systems  - people  iust  S 11  h J ^ ^ specification,  and  this  often 
minus  F zerO^hin^ OT^somTthi'ng.  **“8  specification  was  pins  or 

irhei’fdotg'td^  f^r^tritSiordo^^  ““r 

spwifications.  there  are  lEC  specifications;  we  have  a set  of  drfSnTi’n  ‘a  CCIr'  1'"''''’"^ 
That  means  they  are  alf  internationally  recognized  and  aoatpted  docnmenTs 

Ss" 

International  Radio  Consultative  Committee,  now  named  the  ITII-R 
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invent  things  when  there  is  no  need  for  that.  , . , some 

. . A that  nr  Hellwie  wasn  t here.  I took  some 

rs°Tso™mayhl'^r»°  W giv  sCt'^nopsis  o,  what  happened  in  onr  gronp.  -User 
Environmental  Effects. 

s’iic,r-:!sr— 

et  cetera.  Ifs  going  to  be  IEEE  Standard  1 193-1994. 

onr  gronp  - after  Dr.  Hellwig  gave  this  little  bit  of  j^ofryour  del 

introduced  three  areas  he  thought  originally  had  formed?  He  had  another 

or  system  really  meet  your  requirements  th_  y * ,he  bottom  line  on 

Lt";nr:islldlbTlUy"rnd  slival  of  systems  that  are  important  in  your  timing 

We  talked  about  complex  systems  as  jpe^IiflloM  0^*1  devices  and  get  a 

individual  devices,  but  then  how  o ™ ® ^ ‘ 9 decided  communication;  in  my  few 

,,obal  pic^e  ol  ^w  , e syst™  „,se  forums,  is 

SmmtmSn  roL^of  L most  important  things  that  can  happen. 

There  were  a few  specihcs  that  we  discussed  and  jl-- 

on  board  the  satellites.  At  least  incarnations  of  the  GPS  clocks, 

something  about  the  Block  H R c oc  s it  was  temperature  variation  in  a 

they  were  doing  frequency  with  specific  clocks.  But  those 

;rl”irnfnrrn^he'Lock  11-R  els.  so  that  was  pointed  on,  as  possibly 

a problem. 

everything  I have  in  my  notes  from  that  group. 

ray  FILLER:  Anybody  have  anything  else  to  add  to  that  or  to  any  other  top.c  of  dtscuss.on. 
Thank  you. 
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Abstract 

An  outline  of  the  future  European  space  research  program  where  precise  clocks  are  necessary 

ch7kZT  ’ applications  are  posing  impressive  requirements  as  regards 

clock  mass,  power,  ruggedness,  long  life,  accuracy  and,  in  some  cases,  spectral  purity 

information  were  obtained 

from  the  Space  Agencies  of  France  (CNES),  Germany  (DARA)  and  Italy  (ASI),  but  the  bulk  is 
coming  from  a recent  exercise  promoted  inside  ESA  (the  European  Space  Agency)  and  aimed  to 

Ho^1!on*2Zn  Resinning  of  the  next  millennium.  This  exercise  was  caUed 

Horuson  2000  plus;  the  outcomings  were  summarised  in  two  reports,  presented  by  ESA  in  may 

Precise  clocks  and  time  measurements  are  needed  not  only  for  deep-space  or  out-ward  space 
missions,  but  are  essential  tools  also  for  Earth  oriented  activUies.  In  this  latter  field,  the  European 

--  - --- 

By  a scrutiny  of  these  reports,  an  analysis  was  performed  on  the  missions  requiring  a precise 

PTTI  developments  that  to  same  extent  are  in  the  realm  of  possibility  but  that  pose  serious  challenges 
n this  report  the  use  of  frequency  standards  in  the  satelUte  navigation  systems  is  not  consider^. 


1.  INTRODUCTION 

lelecommuni. 

catjon  purposes  or  as  time  reference  for  the  on-board  computers.  In  .some  cases  clocks  are 
required  for  the  time-tagging  of  data,  but  in  other  instances  the  mission  of  the  spacecraft  itself 
requires  .he  ava.Iabih.y  of  precise  frequency  standards  or  clocks.  Well  known^xrmpL  are 
the  navigation  satellites  in  which  the  frequency  stability  or  accuracy  play  a fundamen^tal  role 

DORIS^  ’ >"^|hods,  conical  as  ARGOS,  hyperbolic,  as  one  way  TRANSIT  and  TSIKADA  and 
RIS  , and  circular,  as  one  way  GPS  and  GLONASS  or  two-way  PRARE 
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BeinE  salellile  navisation  requirements,  as  regards  frequency  standards,  covered  adequately  m 
fhe  ltea'“  T aim  of  tL  paper  is  to  deal  with  less  known  topics,  such  as  the  use  of 
orecise  frequency  standards  in  space  research.  Also  the  “precise”  navigation  of  these  satellites 
rteXired  Hot  here  considered,  because  methods  and  devices  are  similar  to  tho^  of 
navigation  or  geophysical  satellites  or  are  using  instruments,  such  as  the  star  tracker,  not  based 

on  frequency  standards. 

The  occasion  of  this  study  was  offered  by  the  results  of  a request  of  proposals  called  by  the 
European  Space  Agency  in  1993.  That  call  for  ideas  was  devoted  to  Space  research  beyon 
2000-^he  reLltant  Activity  was  called  Horizon  2000  plus,  since  it  should  be  the  continuation 
"of  X program  Lrozon  2000,  now  in  implementation,  with  a number  of  missions 

launched  between  1995  and  2005. 

The  second  section  of  this  paper  is  devoted  to  an  outline  of  the  program  Horizon  2000  plus, 
limited  to  the  satellites  having  special  requirements  as  regards  time  and  freqtiency  Metrology  in 
rf  ^ mission  whde  the  third  section  deals  with  the  Earth 

Thlriatter  section  relies  on  the  conclusions  of  an  ESA-sponsored  meeting,  held  in  Oclober 

1994. 

The  fourth  section  covers  the  principal  methods  used,  the  fifth  lists  the  “precision”  requirements, 
whUeTe  UsTonc  Resents  some  actions,  researches  and  goals  to  be  performed  and  reached  in 
the  next  years,  in  order  to  make  feasible  the  bold  program  of  Space  research. 

To  complete  the  panorama,  not  only  the  on  board  clocks  and  standards  are  considered,  bi^^t 
Ilso  the  related  dLices  used  on  ground,  moreover  also  laser  sources,  when  used  as  frequency 
reference  or  timing  devices,  are  considered  in  this  survey. 

It  appears  that  PTTI  and  in  particular  precise  clocks  will  play  a ^ 

mission  particularly  when  verifications  of  fundamental  physics  are  involved.  Such  needs  ot 
precise  clLks  and  PTTI  technology  challenge  our  current  technology  and  practice  and,  by  turn, 
will  give  insight  to  the  PTTI  community  of  possible  improvements 

2.  THE  ESA  HORIZON  2000  PLUS  SURVEY 

In  1993,  ESA  launched  a call  for  proposals  for  the  realm  of  "Space  Sciences”,  and  for  the  next 
Century.  In  ESA  jargon  Space  Sciences  are  formed  by  : 


• - astronomy 

• - solar  system 

• - fundamental  physics. 

Bv  the  end  of  1993  about  one  hundred  Laboratories,  from  both  sides  of  the  Ocean,  answered  to 
fhe  call  ?or  ideas  Ml;  as  a matter  of  record  for  the  three  above  mentioned  areas,  the  proposals 

;t  SOUlB^l,  ri.n„.n,,  i.  Is  pr.s.nll,,  .md,r  o„  111  *nd  it  will  t»  Bow„  Jso  „u  ERM  will,  l.m.d,  planned 

in  msi.v  The  use  of  PR.ARE  is  proposed  also  for  other  missions. 
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were  respectively  35,  41,  and  30.  It’s  interesting  to  note  that  of  the  106  proposed  ideas,  almost 
90  came  from  European  institutions  while  the  remaining  part  came  from  USA  (considering 
the  project  leader).  The  inputs  arrived  from  different  countries  as  vi.sualized  in  the  table  and 
drawing  below. 


CH 

D 

DK 

E 

EIRE 

F 

GB 

I N NL 

S 

USA 

3 

17 

2 

1 

1 

23 

23 

10  1 5 

3 

16 

To  asses  the  value  of  the  proposals,  ESA  formed  five  “topical  teams”  or  groups  of  experts, 
whose  conclusions  and  recommendations  were  pre.sented  to  the  scientific  community  during  a 
meeting  held  in  Italy  in  May  1994 

Out  of  the  30  odd  proposals  presented  in  the  Fundamental  Physics  .sector,  12  are  considering  the 
use  of  frequency  standards,  clocks  of  frequency-stabilized  lasers  as  the  key  component  of  the 
mission.  In  the  other  sectors,  some  proposals  were  considering  the  use  of  “precise”  frequency 
standards  inside  the  positioning,  navigation  or  telecommunication  systems.  As  pointed  out  in 
Section  1,  these  mission  are  disregarded  in  this  survey. 

2.1  MISSIONS  IN  THE  FUNDAMENTAL  PHYSICS  SECTOR 

After  receiving  the  proposals,  the  topical  team  specifically  devoted  to  fundamental  physics 
mission  analysis  stated  that: 

• - a cornerstone  mission  should  be  the  detection  of  gravitational  waves  in  .space; 
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• - three  scientific  topics  are  of  foremost  importance;  gravitational  waves,  universality  of  free 
fall,  and  the  relation  between  space-time  curvature  and  matter.  The  following  projects 
were  selected  as  the  best  proposals  in  these  areas  respectively: 

- LISA  Laser  Interferometry  Space  Antenna, 

- STEP  Short  Range  Equivalence  Principle  experiment, 

- SORT  Solar  Orbit  Relativity  Te.st; 

• - some  existing  technologies  need  developments,  among  them:  lasers,  frequency  standards 
and  time  transmission. 

During  a recent  meeting  (Oct.  1994),  three  additional  missions  have  been  recommended  among 
which  one  concerns  an  interferometric  observatory  and  an  other  a gravitational  wave  observatory. 
The  missions  requiring  PTTI  devices  on  board,  are  listed  in  Table  I,  with  their  acronyms,  a 
brief  synthetic  description,  the  originating  Laboratory  and  Nation,  and  the  characteristics  of 
the  needed  frequency  standards. 

Some  other  proposals  involving  the  use  of  “preci.se”  clocks  are  circulating  now  in  Europe,  and 
are  listed  with  the  same  criteria  in  Table  II. 


TABLE  I 

Mission 

Aims 

Source 

Needed  Clocks 

why 

which 

CASH 

C'losc  Approach 
Solar  Probe 

relatitvity  test 

Smithsonian 
Astro  physical 
Observatory  USA 

1st  and  2nd  order 

red-shift 

measurement 

H maser 

C RONOS  on 

millime:tron 

C lock  Relalivily 
Observations  of 
Nature  of 
Space-time 

relativity  and 
gravitational  lest 
(based  on 

RAOIOASTRON  II) 

Observatory  of 
Neuchatel  C'H 

red-shift  and 
gravitational 
background 
radiation 
measu  rement 

2 H masers  on 
hoard  + 1 on  Earth 
in  future: 
cold  H maser  or 
cold  microgravity 
clocks 

ORT 

Orbiting  Radio 
Telescope 

radioastronomy 
VLBI  in  space 

Onsala  Space 

Observatory 

Sweden 

high  resolution 

angular 

measurements 

H maser  on  board? 
GPS  receiver  on 
board? 

SMRPM 
Small  Mercury 
Relativity  and 
Planetology  Mission 

around  Mercury 
relativity  test 
Limit  on  ( i 

Interplanetary 
Space  Physics 
Institute  Italy 

delay  measurement 

H maser 

SORT 
Solar  Orbit 
Relativity  Test 

relativity  test 

Observatory  of 
"C’6  d’Azur’* 
France 

red-shift 

measurement 

H maser  (ESA  and 
and  Russia)  or  cooled 
atomic  clocks  (C'NES) 
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TABLE  I continued  | 

STUFF 

Strong  Test  on  the 
Universality  of  Free 
Fall 

similar  to  SMRPM 

Montana  State 
University  USA 

delay  measurements 

7 

H maser? 

VULCAN 
solar  probe 

similar  to  ( ASP 

University  of 
London  UK 

red-shift 

measurement 

H maser 

(or  cooled  atom/ 
trapped  ions 

T Needed  stable  Lasers 

ISLAND 
Inverse  square 
LAw  using  iNertial 
Drift 

verification  of  the 
inverse  square  law 
of  gravitatioji 

University  of 
Strathclyde 
Scotland  UK 

displacement 
measurement 
linewidth  1 Hz  Cw 
532  nm 

I Nd  YA(j  laser 
(‘’C  1.064  //m 
frequency  doubled 

LARCiO 

Long  Armicngth 

Relativistic 

Ciravitational 

Observatory 

detection  of 
. 

gravitational 

Jet  Propulsion 
Laboratory, 

( alifornia  USA 

spacecraft  baseline 
variation  detection 

10  Watt  Nd  YAG 
laser 

LISA 

Laser 

Interferometer 
Space  Antenna 

(Jravitational 
wave  detection 

Max-Planck 
Institut  fiir 
Quantumoptik, 
(iarching  D 
JPL  USA 

interferometer 
length  variation 

3 Watt  stabilized 
Nd  YACi  laser 
1.064  //m,  stability 

f=  1 mHz 

■ — L 

NeC( 

ded  System  Timeing 

LATOR 

Laser  Astrometric 
Test  of  Relativity 

Sun  gravitational 
deflection  of  light 

Rutherford 
Appleton 
Laboratory 
Didcoi  UK 

sending  “laser 
flashlight’'  in  solar 
orbit 

suitable  time 
measurement 
system 

VLO 

Very  low  frequency 
Lunar  Observatory 

Exploring  the  IOC 
kHz -30  MHz 
window 

Observatoire 
Ptiris,  France 

_ 

pulsar  studies 

suitable  time 
reference  system 
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Mission 


CASSINI 


QUASAT 


LACiEOS  111 
LAser  CiEOdelic 
Satellite 


Extras 

Experiment  on 
Timing  Ranging 
and  Atmospheric 
Sounding 


Aims 


gravitational  wave 
detection  and 


VLBl 

interferometry 
relativity  tests  on 
gravitomagnetic 

field 


CRONOS  on 
RADIOASTRON  1 
(similar  to  the 
Japanese  VSOP) 


Space  Very  Long 

Baseline 

Interferometry 


TABLE  II 


Source 


Jet  Propulsion 
Laboratory,  C'A  USA 


ESA 


Italian  Space 
Agency  ASI, 
NASA 


geodesy 

atmosphere  physics 
and  relativity  tests 
on  METEOR  M 


Needed  Cnocks 
why 


Doppler  shift 
measurement 


Russian  Space  Agency 
ESA 

Obs-  Neuchatel 


orbit  determination 


position 
measurement; 
low  phase  noise 
reference 


Russian  Space  Agency 
ESA 

Obs,  Neuchatel 


which 


Rb  clock 


Oy  « 10“’’^  («>  IMs; 
acceleration 

sensitivity  ^ 10-’V(7 


H masers  on 
ground 


C's  clocks  on  Earth 
(laser  ranging) 

2 H maser;  time 
time  transfer  with 
precision  of  10  ps 


high  resolution 
angular  meas.; 

10”^  accuracy 
red-shift  measurement 


one  H maser  on 
board  + several  on 
Earth 


3.  EARTH  OBSERVATION  NEEDS 


Also  in  the  case  or  Earth-oriented  satellites,  the  N-gation  re^^ 

stringent,  are  disregarded  in  this  suwey.  From  the  positioning” 

ST—  - --- 

„ see.,  .ha.  .he  node,,  of  oceanic  c,..re„.s  r 'veTa^ta.f  .“Sgti 

improvemenl  m .he  ^ pe,iod  of  half  or  one  year.  This  craft, 

*““''‘rARISTOTELK  ’.^11  pose  difBcnlt  problems  of  navigation,  since  every  fortnight  the 
r^itth™  rttor.'1'’T^^^  nse  of  O^PS  system  is  planned,  with  differential  correCons 

coming  from  ground, 

^ra-idri^ar  oit  ‘ ' 


4.  WHY  “PRECISE”  CLOCKS  ARE  NEEDED 

The  topics  to  be  investigated  and  conseqnen.ly  the  measurement  to  be  performed  are  listed 
in  Table  III. 
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TABLE  III 

topic 

measurement 

relativity  effects 

equivalence  principle 

frequency  variation 
time  advance 

photon  trajectories 
(bending  of  light) 

propagation  time  variation 

gravitomagnetic  field 
(Lens-Thirring  effect) 

spacecraft  position 

gravitational  wave  detection 

spacecraft  position 

(with  reference  to  the  Earth) 

interferometiy 

reference  frames 

spacecraft  relative  positions 

pulsar  timing 

time  of  arrival  versus  TAI 
(models  of  time  scales) 

ranging  to  interplanetary 
spacecrafts 

time  of  propagation 
(relativity  corrections) 

radioastronomy 

geodesy 

phase  measurements 
(extra  long  baseline 
interferometry) 

Most  of  these  activities  are  moreover  requiring  the  introduction  of  relativistic  effects  HI.  For 
instance,  in  1983  it  has  been  shown  fsi,  that  the  bending  of  light  by  the  sun  can  amount  to  as 
much  as  36  ns  of  additional  time  delay. 

Out  of  General  Physics,  quite  a deal  of  investigations  are  possible  with  “precise”  clocks  on  board, 
such  as  Earth  limb  sounding  (the  ionospheric  gradients  around  the  Earth),  or  measurements 
on  the  interplanetary  or  the  interstellar  medium. 

A new  brand  of  Space  Activities  requiring  “precise”  clocks  are  planned  on  the  very  special 
satellite  formed  by  the  Moon.  In  the  far  side  of  the  Moon  currently  ESA-sponsored  studies 
are  in  progress  in  Europe,  investigating,  between  the  others,  the  concept  and  the  feasibility 
of  a Very  Low  Frequency  Array  (VLFA  project),  in  the  band  100  kHz  - 30  MHz  ( for 
radioastronomers  100  kHz  is  a very  low  frequency  ...)  for  interferometric  operations. 

Consequently,  coming  back  to  Table  III,  the  kinds  of  measurements  to  be  performed  are  well 
known  activities  of  the  Frequency  and  Time  Metrology;  the  problems  to  be  solved  are  the 
utmost  accuracies  or  stabilities  to  be  offered  and  the  need  to  fulfil  formidable  requirements 
as  regards  mass,  unattended  operation,  life,  power  and  general  reliability,  and  in  .some  cases 
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harsh  environment. 


5.  FREQUENCY  AND  TIME  REQUIREMENTS 

With  reference  to  Tables  I and  III,  the  general  “precision”  i.e.  accuracy  and  stability  requirements 
were  calculated  or  gathered  from  the  existing  literature;  in  some  cases,  assumptions  were  ^ 
As  regards  the  environment  and  life  requirements,  information  was  usually  not  available 
literature  and  consequently  the  e.stimates  arc  responsibility  of  the  authors. 

Results  and  estimations  are  gathered  in  the  last  two  columns  of  Table  I,  in  which,  when  possible, 
an  indication  of  the  proposed  device  is  provided. 

6.  RECOMMENDED  ACTIONS 

As  regards  the  science  and  technology  developments  to  be  planned  for  the  next  years,  as  a 
logicaf  prerequisite  to  the  implementations  of  the  proposed  post  2000  scientific  space  missions 
information  In  be  gathered  from  two  ESA  documents  from  which  the  following 

extracted; 


• drag  free  systems 

• position  sensors 

• acceleraometers 


• lasers  for  interferometry 

• lasers  for  transmission  of  time  signals 


• active  optics  technology 

• frquency  standards  + clocks 

• time  transmission  and  comparison  methods 

• lightweight  materials 

• cryogenics  also  applies  to  clocks  (cold  H maser) 

• high  speed  data  transmission 

• cooled  atomic  frequency  standards 


From  discussions  with  experts  in  the  field,  it  seem 
toward  the  following  devices: 


that  the  most  desirable  strives  should  be 


a frequency  standard  with  mass  less  than  25  Kg,  stability  10  5 years, 

power  15 — 20  W,  accuracy  not  critical  (for  mterferome  ric  opera  ion  ) 
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• a frequency  standard  with  mass  less  than  50  Kg,  stability  10  ^^/d,  life  5 years, 
power  15 — 20  W 

• frequency  stabilized  solid  state  lasers,  with  stability  of  10”^ '/lOOOs,  mass  a few 
Kg,  power  5 W (for  long  range  interferometric  operations) 

• time  transfer  and  comparison  methods  with  a resolution  of  about  10  ps 


The  use  of  accurate  (and  stable)  clocks  on  deep  space  probes  or  orbiting  satellites  could  allow 
a one-way  measurement  of  the  velocity  of  light.  This  measurement  would  be  an  important  test 
of  the  isotropy  of  c,  but  it  would  require  the  development  of 

a frequency  standard  with  mass  less  than  25  Kg,  stability  10“ ^"^/d,  accuracy  10"^"^,  life 
5 years,  power  10  W. 

The  revised  interest  for  the  Space  Station  and  its  attached  Columbus  module,  would  offer  the 
very  promising  possibility  to  test  in  space  atomic  clocks,  without  stringent  mass  requirements 
and  with  the  possibility  of  servicing  directly  on  the  craft. 

Along  these  technical  developments,  parallel  improvements  must  be  reached  in  propagation 
time  models,  relativistic  corrections,  interplanetary  (in  the  far  future  interstellar)  plasma  effects, 
and,  for  Earth  based  measurements,  ionospheric  and  tropospheric  effects. 
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QUESTIONS  AND  ANSWERS 


PETER  WOLF  (BIPM):  To  test  the  isotropy  of  speed  of  light,  you  don’t  necessarily  need 
accuracy  in  your  frequency  standard.  If  it  is  sufficiently  stable  and  you  watch  it  during  a certain 
period,  you  can  syntonize  it  and  determine  its  frequency  offset  — and  correct  for  it.  I will  say 
more  about  this  in  my  paper  tomorrow. 

SIGFRIDO  LESCHIUTTA:  Thank  you.  You  are  completely  right.  You  and  your  colleagues 
will  cover  that  tomorrow. 
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Abstract 

The  generation  and  dissemination  of  International  Atomic  Time,  TAI,  and  of  Coordinated 
Universal  Time,  VTC,  are  explicitly  mentioned  in  the  list  of  the  principal  tasks  of  the  BIPM,  recalled 
in  the  Comptes  Rendus  of  the  I8th  Conference  Generale  des  Poids  et  Mesures,  in  1987.  These 
tasks  are  fulfilled  by  the  BIPM  Time  Section  thanks  to  international  cooperation  with  national 
timing  centers,  which  maintain,  under  metrological  conditions,  the  clocks  used  to  generate  TAI. 
Besides  the  current  work  of  data  collection  and  processing,  research  activities  are  carried  out  in 
order  to  adapt  the  computation  of  TAI  to  the  most  recent  improvements  occurring  in  the  time  and 
frequency  domains.  Studies  concerning  the  application  of  general  relativity  and  pulsar  timing  to 
time  metrology  are  also  actively  pursued.  This  paper  summarizes  the  work  done  in  all  these  fields 
and  outlines  future  projects. 


INTRODUCTION 

The  Comite  International  des  Poids  et  Mesures,  CIPM,  discussed  the  role  of  the  Bureau 
International  des  Poids  et  Mesures,  BIPM,  in  the  1980s  and  its  conclusions  were  made  known 

in  the  Cx>nvocation  to  the  18th  Conference  Generale  des  Poids  et  Mesures  m,  in  the  following 
terms: 

The  purpo.se  of  the  BIPM  i.s  to  promde  the  physical  basis  necessary  to  en.sure  worldwide 
uniformity  of  mea.surements.  Therefore,  its  principal  tasks  are: 

• to  establish  atid  disseminate  the  International  Atomic  Time,  and,  in  collaboration  with 
the  appropriate  astroyiornical  organizations,  Coordinated  Universal  Time; 

• to  furnish  whatever  help  is  possible  in  the  organization  of  [those]  inteiniational  compar- 
isons  which,  although  not  carried  out  at  the  BIPM,  are  carried  out  tuider  the  aiispices 
of  a Comite  Consxdtat.if; 

• to  e.nsuve  that  the  results  of  tnte.rnational  comparisons  are  pix>pe7'ly  documented  and, 
if  not  priblished  elsewhere,  are  published  dii-ectly  by  the  BIPM.. ..  ” 
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The  dehnilion  of  TAl  was  approved  by  the  Comite  International  ^es  Poids  et  Mesrires  in  1970 
and  recognized  by  the  Conference  Oenerale  des  Poids  el  Mesures,  COPM,  in  1971.  It  rea  . 

as  follows: 


Inteniational  Atomic,  time  (TAl)  is  the  time  i-efei-ence  coordmate  established  by  the  Bureau 
Intel-national  de  VHeure  on  the  basis  of  the  readings  of  atomic  cloc.ks  operating  m vari- 
ous establishments  in  accordance  with  the  definition  of  the  second,  the  unit  of  time  of  the 
Intel-national  System  of  Units. 


In  1988,  responsibility  for  TAl  was  transferred  to  the  Time  Section  of  the  BIPM,  according  to 
one  of  the  explicit  missions  recalled  above. 


From  its  definition,  TAl  is  the  residt  of  a collective  effort.  It  calls  for  the  maintenance  of 
atomic  clocks  in  national  timing  laboratories,  and  for  international  comparisons  between  these 
clocks.  One  has  thus  established  an  exchange  in  which;  * timing  centres  produce  time  tr^insfer 
and  clock  data  and  send  it  to  the  BIPM,  * the  Time  Section  of  the  BIPM  produces  TAl, 
distributes  it  as  time  corrections  to  national  time  scales,  and  then  publishes  international  time 

comparisons. 


The  efficiency  of  this  organization  and  the  quality  of  its  results  rely  upon  the 
care  and  the  rigor  of  the  ivork  effected  in  the  contributing  laboratories  and  at 
the  BIFM,  and  upon  a continuous,  positive,  and  fruitful  dialogue  between  both 

parties. 


The  Time  Section  of  the  BIPM  is  helped  in  its  work  in  two  ways; 


• The  Comite  Consultatif  pour  la  Definition  de  la  Seconde,  CCDS,  creates  working  groups 
on  specific  topics  such  as  Improvement  of  TAl,  GPS  Standardization,  and  Two-Way 
Satellite  Time  Transfer.  The  membership  of  these  groups  includes  experts  and  members 
of  the  staff  of  the  Time  Section.  Recommendations  are  issued  and  proposed  for  adoption 
to  the  CCDS  and  then  the  CIPM  and  the  CGPM,  after  extended  discussions.  This 
procedure  makes  it  possible  for  the  Time  Section  to  keep  itself  informed  about  new 
techniques  or  studies.  The  Recommendations  which  are  passed  also  give  a formal  guide 

to  its  work. 

• The  Time  Section  of  the  BIPM  has  at  its  disposal  a time  laboratory  including  two  c*sium 
clocks  and  several  GPS  time  receivers.  Most  of  this  equipment  is  on  loan  from  private 
companies  or  from  national  timing  centres.  Data  taken  at  the  BIPM  are  not  introduced 
in  the  TAl  computation,  but  are  simply  analyzed  for  specific  studies.  This  work  provides 
a background  of  practical  experience  which  sensitizes  the  Section  to  the  problems  of 
gathering  data  and  allows  it  to  make  better  use  of  that  reported  from  outside. 


The  organization  of  the  work  at  the  Time  Section  is  described  in  Fig.  1.  The  mam  objectives 
are  perfectly  clear  and  concern,  as  already  stated,  the  generation  and  dissemination  of  TAl 
and  UTC.  However,  they  can  easily  be  extended  to  the  production  of  good  realizations  of 
the  Terrestrial  Time,  TT,  as  defined  by  the  International  Astronomical  Union,  lAU,  in  IVV/ 
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. These  objectives  imply  that  current  activities  centre  on  the  regular  production  of  TAI  and 
on  clock  comparisons.  More  fundamental  investigations  are  also  carried  out  about  time  scale 

algorithms,  time  tran.sfer  methods,  pulsar  timing,  and  general  relativity.  This  is  described  in 
the  following  sections. 


GENERATION  OF  TAI  AND  UTC 

As  IS  well  known,  TAI  is  obtained  through  the  computation  of  a weighted  average  of  clock 
readings  f^I.  The  main  algorithm,  optimized  for  long-term  stability,  treats  as  a whole  blocks 
of  data  collected  over  a two-month  period,  and  produces  in  deferred-time  a free  time  scale, 
EAL  External  to  this  main  algorithm,  accuracy  is  ensured  by  frequency  steering  corrections’ 

which  are  applied  to  EAL  to  obtain  TAI,  after  comparison  with  the  best  primary  frequency 
standards.  j j 

The  230  contributing  clocks  are  kept  in  46  national  time  centers  spread  world-wide.  At  present, 
all  but  four  of  these  laboratories  are  compared  using  the  Global  Positioning  System,  GPS. 
Rough  data  are  sent  to  the  BIPM  and  treated  according  to  strict  common  views  in  order  to 
overcome  Selective  Availability  effects  5i.  The  general  organization  of  the  international  GPS 
network  used  by  the  BIPM  is  shown  in  Fig.  2.  It  comprises: 


• two  long  distance  lines,  linking  three  nodes:  the  NIST  (USA),  the  OP  (France),  and 
the  CRL  (Japan),  where  GPS  antenna  coordinates  are  known  accurately,  and  where 
ionospheric  measurements  are  available.  In  addition,  GPS  data  are  corrected  in  post- 
processing with  precise  satellite  ephemerides  available  from  the  International  Geodynamics 
Service,  IGS.  For  these  two  long-distance  links  (gc  6000  km)  clock  comparison  noise  is 
smoothed  out  for  averaging  times  of  order  three  days,  and  the  overall  accuracy  is  of  order 
6 ns  to  8 ns  (1  (j)f«l. 

• local  stars  on  a continental  .scale.  Iono.spheric  measurements  and  precise  .satellite 
ephemerides  are  not  used  for  these  short-distance  links  (/e  1000  km),  but  accurate  GPS 
antenna  coordinates  help  to  improve  the  accuracy  obtained.  Typically,  clock  comparison 
noise  is  smoothed  out  for  averaging  times  of  order  12  hours  to  24  hours,  and  the  overall 
accuracy  is  of  order  2 ns  (1  a)W, 

The  reference  time  scales  TAI  and  UTC  have  been  regularly  computed  and  published  in  the 
monthly  Circular  T since  the  1st  January  1988,  the  date  of  official  transfer  of  this  responsibility 
from  the  old  BIH  to  the  BIPM.  Annual  reports  are  also  produced  by  the  BIPM  Time  Section, 
and  have  been  available,  in  the  form  of  computer-readable  files,  in  the  BIPM  INTERNET 
anonymous  FTP  since  5 April  1994. 

For  years,  the  TAI  scale  interval  has  been  regularly  compared  with  the  best  realizations  of  the 
SI  second  provided  by  the  primary  frequency  standards  maintained  at  the  PTB  (Germany),  PTB 
CSl  and  CS2,  which  operate  continuously  as  clocks.  Their  stated  accuracies  are  respectively  3 
xlO  and  1.5  x 10  (1  a).  Recently,  two  newly  designed  caesium  frequency  standards,  using 

optical  production  and  detection  of  atoms  have  been  evaluated: 
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. NIST  7,  developed  at  the  NIST  (Boulder,  Colorado,  USA)  reaches  an  accuracy  of  1 

. JPO  (Jet  a Pompage  Optique),  developed  at  the  LPTF  (Paris  France)  attained  an  accuracy 
of  1 1 when  evaluated  for  the  first  time  in  May 

The  deviation  of  the  TAI  scale  interval,  to  the  SI  second  as  realized  by  PTB  P^B  <^S2 

Ld  NIST  7 is  shown  in  Fig.  3 for  the  last  three  years.  The  JPO  is  not  included  because  its 
uncertainty  is  much  larger  than  that  of  other  primary  frequency  standards^  On  average  ^s 
dcvia.i„n  i.  e».taa.ed  .0  be  ^,2  ><  lO-  , 

been  applied. 


algorithms  for  time  scales 


The  Quality  of  the  timing  data  used  for  TAI  computation  is  rapidly  evolving  thanks  to  the  wide 
nf  r PS  time  transfer  and  to  the  extensive  replacement  of  older  designs  of  commercia  c 
b the  Tew  W «7  A and  ac.ive  au,o-.„ned  hyd,ogen-nase«.  White  measnremen 

^'oiTof  Itan,  time  eontparisons  is  thus  smoothed  out  by  averaging  data  on  penods  shorter 
"han  10  tr  In  addition,  the  use  of  very  stable  clocks  leads  to  a '“'f  .""P™''™'"' 
the  stability  of  TAI  and  UTC.  By  application  of  the  N^rnered 
obtained  in  1993  and  at  the  beginning  of  1994,  for  the 

inHenendent  time  scales  of  the  world  (maintained  at  the  NIST,  the  VNIIFTRIl,  tho 

thi  PTB),  one  obtains  the  following  estimates  of  stability  (expressed  in  terms  of  Allan  standard 

deviation  and  shown  in  Fig.  4): 


ayTAl  (t  = 
ayTAl  (r  = 
ayTAl  (t  = 
ayTAl  (r  = 


todays)  = 
20days)  = 
40days)  = 
80days)  = 


:t.9  X lo-'T 
:J.2  X io-’\ 
2.5  X 10- 
4.9  X 10-^\ 


The  stability  of  TAI  and  UTC  lies  thus  below  5 xl0-'^  It  also  appears  that  the  basic  intetval 
of  c„C;a0on.T  present  60  days,  can  be  reduced.  This,  '‘^'P  “ ^ 

delay  of  access  to  TAI.  We  are  thus  testing  a new  version  of  the  algonthm  ALGOS  for  the 
definitive  computation  of  TAI  each  month,  using  real  data  from  the  begmning  of  1992.  Result 
me  elum^ng  and  it  has  been  decided  that  the  CCDS  working  group  on  Improvements  to 
TAI  should  meet  in  March  1995  to  discuss  this  new  algorithm. 

An  interesting  point  is  that  the  same  stability  study  carried  out  using  EAL  instead  of  TAI  gives 
the  following  results: 


ayEAL{r  = 
ayEAL{T  — 
ayEAL{r  = 
ayEAL[T  = 


lOdays) 

20days) 

40days) 

80days) 


2.9a;10-i'T 

:j.2xio-''’, 

:j.lxio-^\ 

4.0x10-’''. 
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A degradation  of  the  stability  of  TAI,  for  averaging  times  ranging  from  40  days  to  80  days 
IS  apparent  when  compared  with  the  stability  values  obtained  for  EAL.  This  is  probably  due 
to  the  single  frequency  steering  correction  of  5 xlO'!''  carried  out  in  April  1993.  Clearly  the 
amplitude  of  this  frequency  step  was  too  large,  given  the  size  of  EAL  fluctuations.  It  follows 
that  .steering  corrections  should  be  small  (probably  of  order  1 to  2 and  are  useful  only 

tor  modification  of  the  TAI  frequency  in  the  very  long  term. 

Given  the  high  .smbility  of  recently  designed  commercial  clocks  and  hydrogen-masers,  it  appears 
that  It  IS  now  time  to  consider  fundamental  modification  of  the  TAI  algorithm.  The  next 
meeting  of  the  CCDS  working  group  on  Improvement  to  TAI,  .scheduled  for  March  1995,  is  a 
good  opportunity  to  drscuss  this  topic.  We  are  therefore  .studying,  on  real  data,  the  following 


• computation  of  TAI  every  30  days  instead  of  60  days, 

• introduction  of  a frequency  drift  evaluation  in  the  frequency  prediction  of  hydrogen-masers, 

• change  of  the  upper  limit  of  weights, 

• change  of  the  weight  determination  procedure,  which  is  at  present  based  on  the  observation 

of  systematic  frequency  changes  with  annual  signature,  a phenomenon  which  tends  to 
disappear, 

• danger  of  excessive  dependence  on  a single  clock  type  (HP  5071A), 

• advantages  of  changing  the  basic  measurement  cycle  from  10  days  to  1 day, 

• advantages  of  increasing  or  decreasing  the  number  of  participating  clocks. 

These  studies  have  been  partly  reported!’-  ‘®1,  and  it  is  already  expected  that  the  shortening  of 

the  period  of  definitive  computation  and  a better  u.se  of  hydrogen  masers  will  be  recommended 
by  the  working  group. 


TIME  LINKS 

The  BIPM  Time  .section  is  interested  in  any  time  comparison  method  which  has  the  potential 
for  nanosecond  accuracy.  We  are  thus  involved  in  the  development  of  GLONASS,  LASSO, 
tw^way  time  transfer  via  geostationary  satellites,  and  ExTRAS  (Experiment  on  Timing,  Ranging 
and  Atmospheric  Soundings,  also  named  “hydrogen  ma.ser  in  space”),  although  GPS  strict 
common-views  remain  the  time  transfer  means  used  for  current  TAI  computation. 

Global  Positioning  System,  GPS 

Among  its  current  activities,  the  BIPM  issues,  twice  a year,  GPS  international  common-view 
schedules,  produces  international  GPS  comparison  values,  and  also  publishes  an  evaluation  of 
the  daily  time  differences  between  UTC  and  GPS  time.  These  differences  were  obtained  by 
treatment  of  data  from  Block  I satellites  only.  Since  April  1994,  only  one  Block  I satellite  has 
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been  observable,  and  daily  values  have  been  obtained  by  smoothing  data  taken  from  the  Block 
II  satellites  viewed  at  angles  of  elevation  greater  than  30°.  The  results  are 
before  (daily  standard  deviations  of  order  12  ns,  against  3 ns)  because  Selective  Availability  s 
currently  implemented.  Although  we  have  shown  that  precise  restitution  of  GPS  time  is  possib  e 
using  multi-channel  P-<x)de  GPS  time  receiversim,  this  method  cannot  be  used  because  reliable 
and  regular  data  from  such  a receiver  is  not  yet  available. 

An  important  part  of  our  current  work  is  to  check  the  differential  delays  between  GPS  receivers 
which  operate  on  a regular  basis  in  collaborating  timing  centres  by  transporting  a portable 
GPS  time  receiver  from  one  site  to  the  other.  Exercises  di^rential  calibration  of  GPS 
receivers  carried  out  in  1994  concerned  the  links  between  the  OP  ( France)  and  the  NP 
fUnited-Kingdom)ri21,  the  NIST  (USA)!*^!,  the  USNO  (USA)U41,  and  a Euro^an  round-trip 
OP  to  OP  sLessively  through  the  OCA  (France),  the  TUG  (Austria)  the  Germany), 

the  PTB  (Germany),  the  VSL  (The  Netherlands),  and  the  NPL  (United  Kingdom) 

Since  1983,  several  differential  calibrations  have  been  performed  between  the  NIST  and  the 
OP.  The  results  are  shown  in  Table  1. 


Date  t 

(5/ns 

(r/ns 

July  1983 

0.0 

2.0 

January  1985 

-7.0 

13.0 

September  1986 

+0.7 

2.0 

October  1986 

-1.4 

2.0 

January  1988 

-3.8 

9 

April  1988 

+0.6 

9 

March  1994 

+ 1.4 

2.0 

Table  1 Results  of  7 exercises  in  the  differential  calibmtion  of  the  GPS  time 
equipment  in  operation  at  the  NIST  and  at  the  OP  ^ ^ 

cLLtion  to  be  added  to  the  values  UTC(NIST)(t)  - UTC(OP)(t),  obtained  at 
date  t from  raw  GPS  data,  in  order  to  ensure  the  best  accuracy  of  the  time  link. 
The  quantity  a is  the  estimated  uncertainty  (1  a)  in  the  value  6. 


In  198.1  the  internal  delay  of  the  OP  OPS  time  receiver  was  ^ 

shipping  to  the  OP,  so  that  the  time  comparison  values  between  UTC(NIST)  and  ( ) 

could  be  obtained  from  GPS  data  without  any  systematic  correction.  This  accuracy  is  mamtaine 
by  applying  time  corrections  <5  which  compensate  for  variations  with  time  in  the  internal  delays 
of  the  two  pieces  of  GPS  equipment.  The  values  of  6 remain  inferior  to  their  stated  uncertainty 
(1  sigma)  even  after  10  years  of  continuous  operation,  which  indicates  the  excellent  long  term 

stability  of  the  equipment. 


For  several  years, 
a combination  of 
ephemerides  and 
closure  condition 


GPS  accuracy  has  also  been  studied  by  testing  the  closure  condition  through 
three  links,  OP-NIST,  NIST-CRL  and  CRL-OP,  using  precise  GPS  satellite 
ionospheric  delays  measured  at  the  three  sitesW.  As  shown  in  Fig.  5,  the 
presents  a residual  bias  of  a few  nanoseconds  on  daily  averages  which  can 
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be  determined  with  a precision  of  less  than  2 ns.  With  the  passage  of  time,  the  IGS  precise 
satellite  ephemerides  continue  to  improve,  which  results  in  a corresponding  improvement  in 
the  determination  of  the  deviation  from  the  closure.  The  residual  bias  now  probably  originates 
from  errors  in  station  coordinates  and  errors  in  ionospheric  measurements.  Results  from 
codeless  dual-frequency  ionospheric  measurement  systems  are  sensitive  to  multipath  effects 
which  induce  bia.ses  in  particular  directionsf**!:  these  biases  are  not  averaged  when  testing  the 
closure  condition  if  the  observations  selected  are  directed  towards  the  East  and  West.  Work  is 
under  way  to  evaluate  these  biases. 

Within  the  group  on  GPS  Time  Tran.sfer  Standard.s,  GGTTS,  the  BIPM  has  made  a considerable 
effort  to  formulate  technical  directives  for  the  standardization  of  GPS  time-receiver  software 
together  with  a new  format  for  GPS  data  filesr'7,  i«l.  The  implementation  of  such  directives  and 
of  the  new  data  format  should  help  to  provide  sub-nanosecond  accuracy  for  GPS  common-view 
dme  transfer.  Practical  development  of  the  standardized  software  is  in  hand  at  the  NIST  and 
it  is  intended  that  it  will  be  available  for  world-wide  use  from  beginning  of  1995H’I. 

Another  issue  is  the  estimation  of  the  tropospheric  delay.  At  present,  GPS  time-receivers 
use  simple  models  of  the  troposphere  which,  as  was  believed  until  recently,  should  provide  an 
estimation  of  tropospheric  delay  with  an  uncertainty  of  1 ns  to  2 ns.  Recent  compari.sons  of  these 
models  with  a semi-empirical  model  based  on  weather  measurements  show,  however,  differences 
of  several  nanoseconds  for  hot  and  humid  regions  of  the  worldfzoi.  Further  investigations  of 
the  tropospheric  delay  will  continue  at  the  BIPM. 

GLObal  NAvigatioii  Satellite  System,  GLONASS 

Values  of  comparison  between  UTC  and  GLONASS  time,  provided  from  observations  of 
GLONASS  satellites  by  Prof.  P.  Daly,  University  of  Leeds,  are  currently  published  in  the  BIPM 
( ircMlar  T.  The  BIPM  intends  to  i.ssue  an  experimental  international  GLONASS  common-view 
.schedule  in  1995,  and  to  test  it  through  an  experiment  with  the  RIRT,  Russia.  For  this  purpose, 
the  BIPM  will  receive  a GLONASS  time  receiver  on  loan  from  Russia. 

Two-Way  Satellite  Time  Transfer,  TWSTT 

Two-way  time  transfer  through  a geostationary  satellite  is  potentially  more  accurate  than  one- 
way methods  such  as  tho.se  using  GPS  or  GLONASS,  essentially  because  there  is  no  need  to 
evaluate  the  range  between  ground  station  and  satellite.  No  two-way  time  transfer  experiment 
has  been  conducted  at  the  BIPM,  which  does  not  possess  the  necessary  heavy  equipment, 
however,  the  BIPM  does  chair  the  CCDS  working  group  on  Two-Way  Satellite  Time  Transfer, 
which  meets  every  year,  and  was  involved  in  the  comparison  between  the  two-way  technique 
and  the  GPS  common-view  method  which  used  the  link  between  the  TUG  (Austria)  and  the 
OCA  (France)f2il.  The  BIPM  was  also  involved  in  the  field-trial  which  was  organized  in  1994. 
This  is  an  international  two-way  time  transfer  experiment  through  the  INTELSAT  V-A(F13) 
satellite  at  307“E,  which  involves  both  European  and  North-American  laboratories.  This  began 
in  January  1994  and  should  last  one  year.  During  the  summer  of  1994,  the  Earth  stations 
involved  have  been  calibrated  using  a portable  station.  At  the  same  time,  the  GPS  equipment 
in  these  laboratories  was  differentially  calibrated  using  a portable  GPS  time  receiver  provided 
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by  the  BIPM.  These  calibration  exercises  should  allow  previous  estimates  of  the  accuracy,  of 
order  2 ns  (1  s),  of  the  two-way  technique  to  be  verifiedt‘51. 


LAser  Synchronization  from  Satellite  Orbits,  LASSO 

The  BIPM  has  been  involved  in  an  experiment  to  compare  time  transfer  by  LASSO  with  GPS 
Lmmon  view  time  transfer  between  Texas  and  France!-..  The  results  o the  cahbrat.on  of 
laser  equipment  at  the  two  sites  should  be  available  at  the  end  of  1994  and  will  allow  for  the 
fim  time  res.ima, ion  of  .ho  accuracy  of  .he  LASSO  .echnique,  wh.ch  ,s  expeced  .o  be  of 

order  1 ns  (1  cr). 

Experiment  on  Timing  Ranging  and  Atmospheric  Soundings,  ExTRAS 

The  Experiment  on  Timing  Ranging  and  Atmospheric  Soundings,  ExTRAS,  calls  for  ^ 
and  aufo-tuned  hydrogen  masers  to  be  flown  on  board  a Russian  meteorological  satellite 
Meteor-3M,  planned  for  launch  at  the  beginning  of  1997.  Communication  PraRE 

board  clocks  Ld  ground  stations  is  effected  by  means  of  a microwave  link  using  the  PRARE 
technique  Precise  Range  And  Range-rate  Equipment,  and  an  optical  link  operating  using  e 
T2L2  Lthod  Time  Transfer  by  Laser  Link.  The  PRARE  and  T2L2  techniques  are  upgraded 
versions  of  the  usual  two-way  and  LASSO  methods.  Associated  with  the  excellent  short  term 
stability  of  the  on-board  hydrogen  masers,  these  should  make  it  possible  to  so  ve  a num  er 
of  scientific  and  applied  problems  in  the  fields  of  time,  navigation,  geodesy,  ^ 

Earth  ntmLohere  physics.  The  impact  of  ExTRAS  in  the  time  domain,  has  been  studied.-! 
fn  terms  of  anticipated  uncertainty  budgets:  the  potential  accuracy  of  this  experiment  is 

characterized  by  uncertainties  below  500  ps  (1  <r)  for  satellite  clock  monitoring  and  ground 

clock  synchronization. 


application  of  general  relativity 

TO  TIME  METROLOGY 


An  investigation  of  the  application  of  the  theory  of  relativity  to  time  transfer  has  been 
^mZ"^  Explicit  formulae  have  been  developed,  which  make  it  possible  to  compute, 
to  picosecond  accuracy,  all  terms  describing  the  coordinate  time  interval  between  t^o  clicks 
sitiLed  in  the  vicinity  of  the  Earth,  and  linked  through  ^)  a one-way  technique  (GPS),  «) 
a Iwo-way  Ithod  via  a geostationary  satellite  (TWSTT),  or  m)  a two-way  optical  signal 

(LASSO). 

Current  work  centers  on  the  application  of  the  theory  of  relativity  to  the  frequency  syntonization 
of  a clock  with  respect  to  the  Geocentric  Coordinate  Time  (TCG)  at  an  accuracy  evel  of  1 
For  Earthrbm.n^  Lcks,  this  is  limited  to  some  parts  in  10-  due  to  poor  knowledge  of  some 
geophysical  factors  (essentially  the  potential  on  the  geoid).  However,  for  clocks  on  Ferres tri^ 
Ltellites,  all  terms  can  be  calculated  with  10-^«  accuracy.  The  results  ‘h.s  work 
the  establishment  of  a complete  relativistic  framework  for  the  realization  of  TCG  a stability 
of  and  picosecond  TCG  datation  accuracy.  This  should  be  sufficient  to  accommoda  e 

expected  deveLpments  in  clock  technology  and  time  transfer  methods  for  some  years  to  come. 
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The  work  of  the  CCDS  working  group  on  the  Application  of  General  Relativity  to  Metrology 
was  supported  by  numerous  discussions  with  Prof.  B.  Guinot,  Chairman  of  the  working— group, 
and  participation  in  the  preparation  of  a text  to  be  used  as  part  of  the  final  report  of  this 
group. 

PULSARS 

Millisecond  pulsars  can  be  used  as  stable  clocks  to  realize  a time  .scale  by  means  of  a stability 
algorithm.  Work  has  been  carried  out  with  a view  to  understanding  how  such  a pulsar  time 
scale  could  be  realized  and  how  it  could  be  used  for  monitoring  very— long  instabilities  of  atomic 
time.  An  important  feature  of  this  work  is  that  a pulsar  time  .scale  could  allow  the  transfer  of 
the  accuracy  of  the  atomic  second  from  one  epoch  to  another,  thus  overcoming  some  of  the 
consequences  of  failures  in  atomic  standardsf^si. 


CONCLUSIONS 

The  Time  Section  of  the  BIPM  produces  time  scales  which  are  used  as  the  ultimate  references 
in  the  most  demanding  scientific  applications.  They  serve  al.so  synchronization  of  national  time 
scales  and  local  representations  of  the  Coordinated  Universal  Time,  upon  which  rely  all  time 
signals  used  in  current  life.  This  work  is  thus  is  complete  accordance  with  the  fundamental 
missions  of  the  BIPM. 

Timing  data  used  to  generate  the  International  Atomic  Time  comes  from  national  metrological 
institutes  where  timing  equipment  is  maintained  and  operated  in  the  best  conditions.  An 
international  collaboration  is  thus  necessary  and  reque.sts  from  the  contributing  laboratories  to 
follow  guides  given  by  the  BIPM.  In  return,  the  BIPM  has  the  duty  to  process  data  in  the 
best  way  in  order  to  deliver  the  best  reference  time  scales.  For  this  purpose,  it  is  necessary 
for  the  BIPM  to  examine  in  detail  timing  techniques  and  basic  theorie.s,  to  propose  alternative 
solutions  for  timing  algorithms,  and  to  follow  advice  and  comments  expre.ssed  inside  the  CCDS 
working  groups. 


119 


References 


[1.]  “BIFM  Comptefi  RendtLS  ISe  ConJe.ve.nce.  Ce.nerale  des  Fouls  et  Mesure.s,  BIFM  Fub- 
Ucntio7is,  1987,  p 2:i. 


[2.]  lAV,  Information  Bulletin  67,  1992,  p 7. 


[3.] 

[4.] 


TAVELLA  F.  and  THOMAS  C.,  “Comparative  Study  of  Time  Scale  Algorithms,” 
Metrologia^  1991^  28^  57-63. 

ALLAN  D.W.  and  WEISS  M.A.,  ''Accurate  time  and  frequency  transfer  during  com- 
moil  view  of  a GFS  satellite,”  Froc.  SJ,th  Ann.  Symp.  on  Preq.  Control,  1980,  p 


m- 

[5.]  ALLAN  D.W..  CRANVEAUD  M.,  KLEFCZYNSKI  W.J.,  and  LEWANDOWSKI 
W.,  “GFS  Time  Transfer  with  Implementation  of  Selective  Availability,  Froc.  22nd 

FTTI,  1990,  145-156. 

[6.]  LEWANDOWSKI  W.,  FETIT  G.,  and  THOMAS  G.,  “Frecision  and  Accuracy  of 
GFS  Time  Transfer,”  IEEE  Trans.  Inst.  Meas.,  4^,  1993,  474-4'^^- 


[7.]  LEE  W.D.,  SHIRLEY  J.H.,  LOWE  J.F.,  and  DRULLINGER  R.E.,  “The  accuracy 
Evaluation  of  NIST-  7,”  IEEE  Trans.  Instr.  Meas.,  1995,  accepted. 

[8.1  ROVERA  D.,  DE  CLERCQ  E.,  and  CLAIRON  A.,  “An  Analysis  of  the  Major  Fre- 
quency Shifts  in  the  LFTF  Optically  Furnped  Frimary  Frequency  Standard,”  IEEE 
Trans.  Ult.  Fer.  and  Freq.  Cont.,  4L  1994,  p 245. 

[9.]  THOMAS  C.  and  ALLAN  D.W.,  “A  real-time  prediction  of  UTC,”  Froc.  25th  FTTI 
meeting,  1993,  217-229. 

[10.]  AZOF  BIB  J.  and  THOMAS  C.,  “The  Use  of  Hydrogen  Masers  in  TAI  Computation, 
Froc.  9th  EFTF,  1995,  accepted. 


[11.1  THOMAS  C.,  “The  u.se  of  the  AOA  TTR-fF  GFS  receiver  in  operation  at  the  BIFM 
for  real-time  restitution  of  GFS  time,”  Froc.  25th  FTTI,  1993,  183-194- 

[12.]  THOMAS  C.  and  MOUSSAY  F.,  “Determination  of  differential  time  correction  be- 
tween GFS  time  receivers  located  at  the  Obseiwatoire  de  Faris,  Faris,  France,  and  the 
National  Fhysical  Laboratory,  Teddington,  United  Kingdom,”  Rapport  BIPM-94/2, 
1994,  12  pages. 

[13.]  THOMAS  C.,  MOUSSAY  F.,  “Determination  of  differential  time  correction  between 
GFS  time  receivers  located  at  the  Obsenmtoire  de  Faris,  Faris,  France,^^  and  the 
National  Institute  of  Standards  and  Technology,  Boulder,  Colomdo,  USA,  Rappoit 
BIFM  94/3,  1994,  12  pages. 

[14.]  LEWANDOWSKI  W.,  “Determination  of  the  differential  time  correction  between  GFS 
time  equipment  located  at  the  Observatoire  de  Faris,  Faius,  France,  and  the  United 
States  Naval  Observatory,  Washington  D.C.,  USA,”  Rapport  BIFM-94/1 1 , 1994,  14 


pages. 


120 


a..  BAUMONTF.. 

LEWaLowZ,  w aHANVEAVD  M..  and 

WANDOWSKI  W.,  ■Comparison  of  Two-Way  SateMite  Tile  Transfer  with  CP<i 

a^:;Tr' 

^ ^ Jmmem'v  ^ ^^ElUSSAY  P.,  '‘Comparison  between  differemt  dual- 

tiona,  ■ 'f„c.  ^th  ErrE.  Tfl^^OJ  «W>«^ 

T''  rj  r^  ^ r€.(JlHlC(ll  [)lVft(fttVe.H  foj'  Stm}(l(ir(ii''(ifini) 

Time  Receiver  Software,”  Metroloyia,  1994,  til,  69-79.  of  CPS 

[18.]  THE  GROUP  ON  CPS  TIME  TRANSFER  STANDARDS  “Tp  t ■ i n- 

^^rdi.ation  of  CPS  Time  Receiver  Software,”  Rappm-t  BIPM^J^rloZ  Z 

fL^CPS^C^'  ’ Release  of  a Standard  Format 

foi  CPS  Common  View  data,”  Proc.  26th  PTTI,  1994,  accepted. 

tZZn7^-Tpd'"y  ^ BAVUONT  F..  -study  oj  tropouyku.dc 

UHRtcTp%  '■' 

T.o-Way  SataURa  T.n.  Vnaufun 

iA9.«>  OFS  U,na  Uanuf,.,..-  P„,,  ,s,H  pm,  /Iw 
(23.)  ™OM.4S  C.,  IVOtF  ^.,  (////„f«  P..  .SCHAEFER  W..  NAU  H and  VBILLFT 
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Acronyms 

CRL 

FTZ 

LPTF 

NIST 

NPL 

OCA 

OP 

PTB 

RIRT 

TUG 

USNO 

VSL 


of  the  laboratories  quoted  in  the  text 

Communications  Research  Laboratory,  " 

Forschungs  - und  Technologiezentrum,  Darmstadt,  G^rma  y 
Lboratoire  primaire  du  Temps  et  des  Fr<quence^  Pans  CQ  USA 
National  Institute  of  Standards  and  Technology,  ’ 

National  Physical  Laboratory,  Teddmgton,  United  King  o 
Observatoire  de  la  Cote  d’Azur,  Grasse,  France 
Observatoire  de  Paris,  Paris,  France  r",*rmanv 

PhysikaHsch-T^chnisch.  BundesanstaU 

Russian  Institute  of  Radionavigation  and  Time,  St.  Petersnurg, 
Technischc  Universitat,  Graz,  Austria 
U s.  Naval  Observatory,  Washington  D.C.,  Ub 
Van  Swinden  Laboratorium,  Delft,  The  Netherlands 
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QUESTIONS  AND  ANSWERS 


GERNOT  M.  WINKLER  (USNO):  In  your  presentation,  you  showed  the  definition  of  TAI. 
* Vu  retnarkable,  the  sentence  which  I forgot  in  the  meantime,  and  that  is  in  conformance 
wi  t e e nition  of  the  second.  That  has,  of  course,  direct  implications  regarding  the  use  of 
hydrogen  ma.sers.  Could  you  maybe  comment  on  that? 

CLAUDINE  THOMAS  (BIPM):  This  is  the  first  definition  from  1971.  Of  course  there 
were  other  definitions  which  have  been  --  this  definition  has  been  updated  in  time.  Now  it 
IS  exactly  stated  that  the  scale  unit  of  TAI  must  be  as  close  as  possible  to  the  SI  second  as 
realized  on  the  rotating  geoid.  So  the  word  “in  accordance”  --  but  that’s  a question.  You 
know  that  we  have  national  laboratories  which  think  that  we  shouldn’t  use  hydrogen  masers 
m computing  TAI  because  they  are  using  the  hydrogen  atomics  instead  of  the  cesium  atom. 

1 hat  s something  to  be  discussed. 

FRED  WALLS  (NIST):  I would  like  to  address  that.  Using  a hydrogen  maser  is  no  different 
than  using  the  commercial  cesium  standard  which  does  not  have  the  same  accuracy  of  the 
primary  standards  in  the  national  labs.  What  you  need  for  the  short  term  are  flywheel  oscillators 
that  are  stable;  it  doesn’t  matter  if  they’re  based  on  calcium,  if  they’re  based  on  mercury, 
fl  they  re  based  on  hydrogen  or  any  other  atom,  if  you  have  something  which  is  very  stable’ 
They  re  just  a flywheel.  The  definition  of  the  second  comes  at  the  present  time  from  large 

primary  standards  and  national  laboratories.  That  can  be  u.sed  to  establish  frequency  in  the 
long  term,  as  you  do  now. 

So  I do  not  see  any  conflict  at  all. 

CLAUDINE  THOMAS  (BIPM):  Atomic  hydrogen  ma.sers  are  very  stable.  And,  of  course, 
they  cau.se  the  stability  of  TAI.  But  they  must  be  used  carefully  in  the  particular  case  where 
they  show  a drift  relative  to  some  primary  .system  frequency  .standards.  This  drift,  should  be 
evaluated  and  calculated  in  the  algorithm,  of  course. 

FRED  WALLS  (NIST):  Yes,  I agree  with  that.  But  something  quite  serious  which  you  only 
partially  alluded  to  is  we  must  agree  internationally  on  whether  or  not  to  include  the  black 
body  radiation.  That  is  .something  that’s  on  the  order  of  2 ^ 4 x and  it’s  quite  serious  at 
the  evel  of  accuracy  that  the  national  scales  are  now.  We  mast  come  to  some  agreement.  I 
think  It  should  be  included,  in  my  opinion. 

CLAUDINE  THOMAS  (BIPM):  Well  this  is  .something  which  will  be  discussed  next  March 
during  the  meeting  of  the  working  group  on  the  improvement  of  TAI.  There  are  many  questions 
to  discuss,  and,  in  particular,  using  data  from  these  new  test  tables  and  accurate  primary 
irequency  system  standards  and  how  to  correct  them. 

HARRY  PETERS  (SIGMA  TAU  STANDARDS):  The  National  Radio-  astronomy  has 
12  hydrogen  masers,  10  of  them  are  stationed  from  the  Hawaiian  Islands  to  the  Virgin  Islands’ 
they  are  operating  continuously  and  many  of  them  have  been  going  since  1987.  I have  been 
encouraging  them  to  try  to  keep  a record  of  time;  they  don’t  vary  their  synthesizers.  And  it 
seems  to  me  that  this  is  an  asset  that  could  possibly  be  included  in  the  international  time  .scale 
if  they  could  just  improve  the  record-keeping  and  perhaps  transmit  the  information  to  you. 
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Thank  you. 

rFRNOT  M WINKLER  (USNO):  I would  like  to  come  back  to  the  q‘‘^stion  of  the  black 

imporun,  poin.,  ”Xp 

“H::  s=“  s ~ - - ■= 

on  that  yet. 

r»Avm  AT  TAN  (ALLAN’S  TIME):  Actually  two  comments,  I guess.  Maybe  one  is  a 
in  that  regard. 

The  other  point  I wish  to  make  is  picking  np  on  Dt.  Winklet’s  qnestion 

e°tin^e  L7L,  hfs  no,  been  addressed  well.  Bn,  these  ate  inapottan,  qnesuons  for  TAl 
because  of  the  need  for  long-term  performance. 

CLAUDINE  THOMAS  (BIPM):  We  nse  it  on  teal  data  at  the  BIPM  tot  the  moment.  And 
it  appears  that  it  is  not  always  easy  to  detect  a minor  drift. 

reih-=dr:2 

fact  be  zero  for  some  of  them,  maybe  for  many  of  them. 

so  Iven  thongh  there  is  some  difference  - and  yon  say  parts  in  ,0- 
a year  or  two,  that's  within  the  one  sigma  limit  of  accntacy  claimed  at  PTB  and  a,  NIM, 

NRC  and  whatever. 

CLAUDINE  THOMAS  (BIPM):  The  thing  I can  tell  yon  about  that  is  that  we  have  tried 
m coZuetotr,  version  of  eAl  a,  various  times,  withont  any  hydtogen  maser,  .^d 
gives  something  which  seems  to  have  a lower  drift.  So  maybe  hydrogen  masers  adds 
fo  EAL.  But,  of  course,  we  are  missing  about  30  clocks  when  we  do  not  nse  hydtogen  mas  . 

So,  that’s  another  point. 

STGFRIDO  M LESCHIUTTA:  Before  I give  the  floor  to  Dr.  Winkler,  I want  to  ^ 

^mm"  Th«e  afe  a huge  numbers  of  qnestions,  and  some  of  those  questions  ate  double 
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qiies  ions.  I think  the  time  is  right  for  discussions  for  the  people  inside  the  national  laboratories 
to  talk  about  the  next  meeting  to  be  held  in  Paris.  If  I remember  correctly,  that  meeting  will  be 

convened  by  Dr.  Winkler,  since  you  are  chairman  of  that  activity.  Do  you  want,  Dr.  Winkler 
to  add  some  additional  remarks?  ’ 


GERNOT  M.  WINKLER  (USNO):  Yes.  In  fact,  thank  you  for  the.se  comments,  because 
the.se  are  e.ssentially  the  mam  points  which  will  be  discics.sed.  And  that  meeting  would  be  more 

productive  if  the  participants  coming  from  the  laboratories  receive  any  ideas  which  exi.st  in 
regards  to  these  points. 

Coming  back  to  the  question  of  drifts,  on  the  basis  of  a considerable  number  of  clocks  --  and 
12  of  theni  are  Sigma  Tans  at  the  Observatory  --  I have  come  to  the  conclusion  that  there  is 
no  zero.  There  is  no  clock  which  has  a zero  drift.  In  other  words,  any  clock  has  sometimes 
changes  in  its  structure  or  any  observation  which  .sometimes  comes  up  as  different  values;  so 
that  at  a level  of  our  capability  today,  it  is  impossible  to  state  that  there  is  any  clock  which  has 


Going  back  to  the  hydrogen  maser,  for  instance,  it  is  quite  possible  that  the  process  which 
controls  the  cavity  timing,  which  is  based  on  the  measurement  of  the  hydrogen  line  itself,  is 
disturbed  by  effects  which  come  from  the  cavity  coating.  And  that  is  an  effect  which  possibly 
has  to  do  with  chemistry  changes  in  the  surface.  There  are  all  kinds  of  things.  In  other  words 
as  we  go  down  in  our  level  of  precision  to  smaller  and  smaller  values,  we  find  more  and  more 
effects  which  can  make  a change  and  which  do  not  always  exist.  And  we  have  to  realize  that 
there  is  a difference  between  our  idea.s,  which  are  ideal,  of  course,  and  to  reality,  which  is 
infinitely  complex  and  which  you  have  to  remember. 

HARRY  PETERS  (SIGMA  TAU  STANDARDS):  I think  one  point  that  is  a serious  point 
is  that  one  should  possibly  look  at  this  from  an  astrophysical  point  of  view  or  a structure-of- 
the-universe  point  of  view;  after  all,  the  universe  is  suppose  to  be  expanding  at  a part  of 
or  effectively,  we  are  shrinking,  as  another  view  of  it,  at  a part  of  10’“  per  day.  There  is  no 
absolute  knowledge  of  whether  the  relative  frequency  of  hydrogen  and  cesium  are  not  changing 
fundamentally,  due  to  conventional  changes  or  whatever.  I mean,  we  don’t  know  that  hydrogen 
absolutely  does  not  change  them  slightly  or  change  them  in  regard  to  cesium  at  10-’^  well, 

maybe  13  or  15.  So  there  is  that  aKsolute  question  of  are  all  the.se  transitions  really  constant 
and  you  mu.st  choose  one,  I suppose.. 

SIGFRIDO  M.  LESCHIUTTA:  Certainly,  Dr.  Peters,  you  are  opening  quite  a large  program 
1 know  that  .some  activities  are  underway  in  some  laboratories  comparing  fine  transitions  with 
hyperfine  transitions.  And  some  activities  are  now  in  Europe,  and  most  in  the  United  States. 
Basic  physics  is  a wonderful  thing.  I fully  agree  with  you  that  the  program  you  described  is 
opening  new  question  marks. 

THOMAS  (BIPM):  I would  like  to  make  a comment  about  the  last  point 
made  by  Dr.  Winkler.  Of  course,  before  the  meeting  I will  write  down  all  studies  which  have 
een  done  at  the  BIPM  on  real  data.  It  does  not  cover  all  the  questions,  but  we  will  make 
reports  and  send  those  reports  to  people  who  will  be  there.  This  might  be  a first  attempt  to 
answer  these  questions. 
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Abstract 

The  Experiment  on  Timing  Ranging  and  Atmospheric  Soundings,  ExTRAS,  was  conceived  jointly 
by  the  European  Space  Agency,  ESA,  and  the  Russian  Space  Agency,  RSA.  It  is  also  designated  the 
^Hydrogen-maser  in  SpacelMeteor-3M  projects  The  launch  of  the  satellite  is  scheduled  for  early 
1997,  The  package,  to  be  flown  on  board  a Russian  meteorological  satellite  includes  ultra-stable 
frequency  and  time  sources,  namely  two  active  and  auto-tuned  hydrogen  masers.  Communication 
between  the  on-board  hydrogen  masers  and  the  ground  station  clocks  is  ejfected  by  means  of  a 
microwave  link  using  the  modified  version  for  time  transfer  of  the  Precise  Range  And  Range-rate 
Equipment,  PRARETIME,  technique,  and  an  optical  link  which  uses  the  Time  Transfer  by  Laser 
Link,  T2L2,  method.  Both  the  PRARETIME  and  T2L2  techniques  operate  in  a two-directional 
mode,  which  makes  it  possible  to  carry  out  accurate  transmissions  without  precise  knowledge  of  the 
satellite  and  station  positions. 

Due  to  the  exceptional  quality  of  the  on-board  clocks  and  to  the  high  performance  of  the  commu- 
nication techniques  with  the  satellite,  satellite  clock  monitoring  and  ground  clocks  synchronization 
are  anticipated  to  be  performed  with  uncertainties  below  0.5  ns  (1  a).  Uncertainty  budgets  and 
related  comments  are  presented. 


INTRODUCTION 

The  Experiment  on  Timing  Ranging  and  Atmospheric  Sounding,  ExTRAS,  was  conceived 
jointly  by  the  European  Space  Agency,  ESA,  and  the  Russian  Space  Agency,  RSA.  It  is  also 
designated  the  “Hydrogen— Maser  in  Space/Meteor— 3 M project”,  and  is  scheduled  for  early 
1997.  The  experiment  calls  for  ultra-stable  frequency  and  time  sources,  two  active  and  auto- 
tuned  hydrogen  masers,  to  be  flown  on  board  a Russian  meteorological  satellite,  Meteor-3M. 
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Communication  between  the  on-board  hydrogen  masers  and  the  ground  stations  is  effected  by  a 
microwave  link  using  the  Precise  Range  And  Range-Rate  Equipment  modified  for  time  transfer, 
PRARETIME,  technique,  and  an  optical  link  which  uses  the  Time  Transfer  by  Laser  Link, 
T2L2,  method.  The  combination  of  ultra-stable  time  and  frequency  sources  with  precise  and 
accurate  tracking  equipment  should  help  to  solve  a number  of  scientific  and  applied  problems 
in  the  fields  of  navigation,  geodesy,  geodynamics  and  Earth  atmosphere  physics.  It  should  also 
allow  timing  measurements  with  accuracies  never  reached  before. 

ON-BOARD  HYDROGEN  MASERS 

Compared  with  other  atomic  frequency  standards,  passive  hydrogen  masers  offer  improved 
short-term  stability 01.  They  are  generally  used  as  short-term  references  in  timing  laboratories, 
but  cannot  serve  as  time-keepers  because  of  the  huge  drift  they  generate  over  averaging  times 
longer  than  several  hours.  However,  recent  developments  of  active  hydrogen  masers  operating 
according  to  specific  auto-tuning  modes  for  the  cavity  reduce  frequency  drift  while  causing 
a negligible  degradation  of  the  short-term  stabilityOI.  This  type  of  hydrogen  maser  already 
contributes,  on  the  ground,  to  short-term  internal  time  comparisons  and  to  long-term  time 
keeping  in  national  timing  centres  concerned  with  time  metrology. 

Rubidium  and  caesium  clocks  are  currently  used  in  navigation  systems,  for  example  in  the  Global 
Positioning  System,  GPS,  where  all  Block  II  satellites  are  equipped  with  caesium  standards.  To 
date,  no  hydrogen  maser  has  ever  been  flown  with  the  exception  of  a hydrogen  maser  belonging 
to  the  Smithsonian  Astrophysics  Observatory  which  was  sent  into  parabolic  flight  in  1976131. 
Space  hydrogen  masers  are  also  planned  as  future  on-board  clocks  for  the  Russian  GLObal 
NAvigation  Satellite  System,  GLONASS,  in  order  to  improve  the  short-term  stability  of  the 
flying  standards. 

The  active  auto-tuned  hydrogen  masers  scheduled  for  flight  on  Meteor-3M  are  a Russian- 
designed  hydrogen  maser,  proposed  by  the  Institute  of  Metrology  for  Time  and  Space,  VNI- 
IFTRII,  Mendeleevo  (Russia),  and  a Swiss  Space  Hydrogen  Maser,  SHM,  proposed  by  the 
Observatoire  de  Neuchatel,  ON,  Neuchatel  (Switzerland).  These  two  units  are  of  a weight 
(<  50  kg),  volume  (<  0.1  m^)  and  power  consumption  (<  60  W)  compatible  with  an  on-board 
installation.  In  addition  they  will  be  compared  continuously  and  are  interchangeable.  Their 
short-term  stability  is  characterized  by  the  Allan  deviation  given  in  Table  1. 

Table  1:  Allan  deviation  (Ty(T),  ttersus  the 

avej’agifig  time  t,  of  the  Space  Hydvogem 
Maser  (SHM)  developed  by  the  Observatoire 
de  Neuchatel,  ON,  Neuchatel  (Switzerland), 
for  flyijig  07i  bool'd  Meteor— 3M.  Numbers  are 
provided  by  Di'  G.  Busca,  of  the  ON,  in  his 
proposal  for  ExTRAS  (1993). 


The  first  consequence  is  that  the  comparison  of  ground  clocks  with  the  on-board  hydrogen 
maser  ensures  access  to  a stable  and  slowly  drifting  time  scale  for  synchronization  of  local 


Averaging  time 

Allan  Deviation 

r/s 

1 

1.5  X 10-13 

10 

2.1  X 10-1'* 

100 

5.1  X lO-*''’ 

1000 

2.1  X 10-1'’ 

10000 

1.5  X 10-i'^ 

100000 

< 1 X 10-''^ 
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tZl  . 1 *"  ^ complementaiy  process,  the 

time  scale  to  be  delivered  by  the  on-board  clock  can  be  closely  steered  in  real-time  on  any 

reference  time  scale,  such  as  a local  representation  of  UTC,  UTC(k),  kept  by  laboratory  k-  for 

his  purpose  it  is  sufficient  to  distribute,  in  the  satellite  message,  a time  correction  between 

the  on-board  and  ground  time  scales.  The  experiment  ExTRAS  thus  serves  all  the  functions 
oi  time  dissemination. 

The  .specifications  ™e  1 have  another  impact  on  time  metrology  when  flying  such  hydrogen 
masers  on  Meteor-3M.  This  is  linked  to  particular  features  of  the  satellite  orbit;  its  polar  orbit 
^d^  Its  altitude,  of  order  1000  km,  lead  to  a period  of  revolution  around  the  Earth  of  order 
J - 100  min  and  to  possible  observation  of  the  satellite  at  least  four  times  a day  from  any 
ocation  on  the  Earth.  The  total  error  (1  a)  accumulated  by  the  on-board  hydrogen  maser 
during  one  revolution  can  be  estimated  as^l; 


CT 


^y{T)  ■ T, 


(1) 


which  leads  to  the  value  12  ps.  If  two  observations  are  distant  by  3 hours,  the  error  (1  a) 
accumulates  to  Ie.ss  than  50  ps.  ' 

It  follows  that  comparisons  between  remote  clocks  on  the  Earth  can  be  performed  by  differential 
observation  of  the  time  scale  provided  by  the  on-board  hydrogen  maser  when  it  is  visible  from 
the  stations.  This  is  the  clock  transportation  method,  and  there  is  no  need  to  organize  common 
views,  as  is  done  with  GPS  and  GLONASS,  the  uncertainty  caused  by  the  on-board  clock 
during  Its  flight  between  the  two  stations  being  typically  of  order  50  ps. 

To  include,  ExTRAS  provides  a means  of  time  transfer  based  upon  the  transportation,  via 
satellite,  of  an  ultra-stable  clock  able  to  keep  its  time  veiy-  precisely  throughout  the  period  of 
transportation.  This  time  transfer  method,  the  simplest  imaginable,  is  thus  of  major  interest  to 
the  timing  community.  Full  advantage  of  the  qualities  of  hydrogen  masers  on  board  Meteor-3M 
can  be  taken  only  if  very  accurate  methods  are  u.sed  to  ensure  the  connection  between  observing 

the  spacecraft.  Specific  features  of  two-direction  links,  such  as  via 
KAKtllME  and  T2L2  are  discussed  in  the  following  sections. 


PRARETIME;  PRECISE  RANGE  AND  RANGE-RATE  EQUIP- 
MENT, MODIFIED  VERSION  FOR  TIME  TRANSFER 

The  Precise  Range  And  Range-Rate  Equipment,  PRARE,  is  a high  precision  and  fully  automated 
facility  for  microwave  link  between  clocks  on  board  a satellite  and  ground  stations.  Its  primary 
function  consists  of  range  and  range-rate  measurements,  but  a modified  version  of  PRARE 
devoted  to  time  transfer,  PRARETIME,  has  also  been  developped.  The  modification  concerns 
details  and  an  additional  time  interval  measurement  at  the  ground  station  site, 
the  PRARE  equipment  operates  with  a down-and-up  link  in  the  X-band  (8489  GHz  for 
down-link  and  7225  GHz  for  up-link)  between  the  ground  and  the  satellite,  together  with  a 
down-link  in  the  S-band  (2248  GHz)fs,  6.  7,.  The  PRARE  X-band  up-link  exists  only  if  the 
ground  station  is  equipped  with  a ground  transponder  and  its  60  cm  parabolic  dish.  In  this 
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case,  the  only  one  considered  in  this  paper,  the  PRARE  systenr  operates  in  a two-way  mode, 
which  can  be  used  for  timing  purposes  such  as; 

. time  comparisons  between  one  ground  clock  and  the  on-board  clock:  this  is  known  as 
satellite  clock  monitoring,  and 

. time  comparisons  between  two  ground  clocks  through  transportation  of  the  on-board 
clock;  this  is  known  as  ground  clock  synchronization. 


Timing  applications  through  ExTRAS  via  PRARETIME 

Satellite  clock  monitoring 

A signal  is  emitted  by  the  satellite  S and  retrans- 
mitted immediately  by  the  Earth  station  E.  The 
time  interval  between  emission  and  reception 
on  board  the  satellite,  tsE  = recorded. 

The  time  difference  between  the  clocks  A/  is  given 
byl*l; 

At  = 

With  T\  and  T2  the  individual  transmission  times  for 
the  down-link  and  the  up-link,  the  time  correction 
6 is  written  as; 

6 = (Ti-22)/2, 


which  may  be  expressed  asl*l; 


<5  = [i5c,rf  - <5r,u -t- - i5i,„]/2  - Vj.(/o)  • R£s(fo)c  -l-0(c  ), 


(4) 


where  6,  and  6.  are  external  (ionospheric  and  tropospheric)  and  internal  («bks  etc)  deta^^ 
c I c.Kck'rmtR  ‘d’  and  ‘u’  refer  to  the  down-  and  up-lmks,  Rgs(to)  is  the  station 
:::rt;;ortrr  Ih/sateHlte  velocuy  in  a geocentric  inertial  frame  and  c is  the 


speed  of  light  in  vacuum. 
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Ground  clock  synchronization 


The  satellite  S emits  signals  to  each  ground 
station  A and  B which  are  immediately  re- 
transmitted to  the  satellite.  Three  time  in- 
tervals are  recorded  by  the  satellite: 

• f-s  ~ h — to,  the  time  elapsed  between 
the  emission  of  the  two  .signals, 

• *SA  = t.2~to  and  = U~t3,  the  times 
elapsed  between  the  emission  and  re- 
ception on-board  the  satellite  of  the 
signals  received  in  stations  A and  B. 

The  time  difference  between  the  ground  clocks  At  is  given  byf*l: 

= ('.SB  - t.s- J/2  + t.s-  +6.  (5) 

The  time  correction  6 is  written  as: 


-5  = [(T3-T4)-(Ti-T2)]/2,  (6) 

where  Tj,  T2,  T3,  and  T4  are  the  individual  transmission  times  for  the  down-links  and  the 
up-links. 

Using  (4),  6 is  expressed  as: 


V5(^3)  • RB5(f3)c~^  -h  V5(/.o)  • R>45(io)c“^  + 0{c~^),  (7) 


in  a notation  following  that  of  (4). 

In  (4)  and  (7)  no  range  estimations  are  involved  in  terms  of  order  which  is  typical  of 
a two-way  method.  Terms  of  order  can  amount  to  300  ns  and  can  be  calculated  at  the 
picosecond  level  even  with  a poor  knowledge  of  satellite  ephemerides  and  velocity  (accuracies 
of  these  quantities  should  be  of  order  12  m and  0.02  m/s  respectively).  Terms  in  contribute 
a few  picoseconds. 

It  follows  that  the  time  comparison  value  between  the  ground  clock  and  the  on-board  clock,  or 
between  the  two  ground  clocks,  can  be  deduced  from  measurements  of  time  intervals  on-board 
the  satellite,  and  from  the  estimations  of  differential  delays  in  the  up-  and  down-paths.  No 
accurate  estimation  of  the  range  between  the  satellite  and  the  station  is  needed. 

It  is  important  to  note  that  tropospheric  delays  totally  cancel  in  the  up-  and  down-paths  because 
the  troposphere  is  a non-dispersive  medium  which  yields  the  same  delay  for  the  PRARE  up 
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and  down  carrier  frequencies.  In  contrast,  the  ionosphere  is  a dispersive  medium  and  the 
corresponding  differential  delays  do  not  cancel  in  (4)  and  (7).  The  up-  and  down-links  from 
the  stations  to  the  satellite  do  not  necessarily  pass  through  the  same  internal  electronic  circuits 
and  cables,  so  internal  differential  delays  remain  in  (4)  and  (7). 


Sources  of  uncertainties  for  timing  applications  through  ExTRAS 
via  PRARETIME 

The  uncertainties  affecting  timing  observations  come  from  the  on-board  hydrogen-maser,  signal 
transmission  through  the  atmosphere,  and  the  equipment  which  is  used  to  emit  and  transmit  the 
signals.  All  the  uncertainties  given  in  the  following  are  1 o estimations:  they  are  summarized 

in  Table  2. 

Uncertainty  due  to  the  on-board  hydrogen  maser 

The  uncertainty  brought  by  the  on-board  hydrogen  maser  is  deduced  from  its  stability.  This 
is  negligible  for  the  quantities  fse,  tsA,  andlsB  and  thus  has  no  impact  on  satellite  clock 
monitoring.  It  must  be  taken  into  account,  however,  for  the  quantity  ts  since  this  depends  on 
the  time  duration  which  separates  the  observations  of  the  satellite  from  the  two  stations  being 
compared.  A conservative  estimate  is  of  order  50  ps  (1  <r). 

Uncertainty  on  the  atmospheric  delay  of  the  signal 

The  frequency  separation  between  the  S-band  and  X-band  PRARE  down-links  makes  it 
possible  to  measure  the  ionospheric  delay  of  the  signal.  One  expects  a very  low  level  of 
uncertainty,  of  order  20  ps  (1  a),  for  the  measurement  of  the  difference  between  down  and 
up  ionospheric  delays.  For  ground  clock  synchronization,  this  uncertainty  appears  twice  (in 
quadratic). 

Uncertainty  on  the  calibration  of  equipment 

The  on-board  payload,  the  Earth  stations,  and  the  PRARETIME  modems  and  counters  must 
be  very  carefully  calibrated  before  launch.  One  expects  an  uncertainty  in  the  calibration  of 
order  50  ps  (1  a)  for  each  of  these  elements.  These  uncertainties  appear  twice  (in  quadratic)  for 
ground  clock  synchronization.  However,  the  on-board  payload  is  known  to  remain  very  stable 
between  adjacent  observations.  It  follows  that  the  corresponding  uncertainty  partly  disappears 
for  ground  clock  synchronization.  One  estimates  a total  residual  uncertainty  of  20  ps  (1  tr)  for 
this  particular  case. 

The  uncertainty  associated  with  PRARETIME  modems  and  counters  arises  from  error  sources 
such  as  instrumental  delays  (temperature,  calibration  of  electronic  components,  C'/No  influence, 
...etc),  timer  resolution,  multipath  transmission,  and  problems  related  to  the  antenna  phase 
centre.  It  may  not  be  possible  to  separate  this  uncertainty  from  those  coming  from  the  on-board 
payload  and  the  Earth  station  calibrations. 
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Uncertainty  due  to  the  links  to  local  1 pps  signals 

The  PRARETIME  technique  only  uses  the  high  frequency  (5  MHz)  signals  from  the  on-board 
and  ground  clocks.  Time  transfer,  however,  usually  takes  place  between  time  .scales  which  take 
the  form  of  a series  of  local  signals  at  1 pulse  per  second,  1 pps.  It  is  thus  necessary  to  take 
into  account  uncertainties  arising  in  the  links  to  the  local  1 pps  signal.  Passing  from  5 MHz 
signals  to  1 pps  signals  requires  cables  and  electronic  circuits  for  frequency  division  and  pulse 
formation.  It  generates  uncertainties  which  are  generally  estimated  to  be  of  order  300  ps  (1  a). 
In  the  PRARETIME  system,  no  1 pps  signal  is  physically  available  on  board  the  satellite,  so 
this  class  of  uncertainty  arises  only  in  the  timing  circuitry  of  the  ground  .stations. 

Anticipated  uncertainty  budgets  for  timing  applications  through  ExTRAS  via 
PRARETIME 

The  anticipated  uncertainty  budgets  for  satellite  clock  monitoring  and  ground  clock  synchro- 
nization are  given  in  Table  2.  Those  parts  of  uncertainty  arising  from  the  method  itself  and 
from  the  links  to  the  local  1 pps  signal  are  shown  separately.  The  uncertainty  of  the  method 
itself  amounts  to  89  ps  (1  a)  for  .satellite  clock  monitoring,  and  117  ps  (1  a)  for  ground  clock 
synchronization.  The  total  uncertainties  of  313  ps  and  440  ps  (1  (t),  largely  dominated  by  uncer- 
tainties due  to  local  links  to  the  1 pps  signals  in  the  ground  stations,  are  well  below  0.5  ns  (1  a), 
which  represents  a major  improvement  for  time  metrology.  In  addition,  the  PRARETIME 
instrument  makes  it  possible  to  disseminate  any  time  scale  maintained  on  the  ground  thanks  to 
additional  information  contained  in  the  S-band  downward  signal.  The  achievable  uncertainty 
of  this  particular  timing  mode  is  to  be  further  investigated. 

T2L2:  TIME  TRANSFER  BY  LASER  LINK 

The  Time  Transfer  by  Laser  Link,  T2L2,  technique  provides  an  optical  time  link  between  the 
on— board  hydrogen  masers  and  ground  clocks.  It  may  be  seen  as  a continuation  of  the  LAser 
Synchronization  from  Satellite  Orbit  ( LASSO)  technique,  which  was  successfully  carried  out 
between  the  McDonald  Observatory  in  Texas,  USA,  and  the  Observatoire  de  la  Cote  d’Azur, 
France,  in  1992,  through  the  geostationary  satellite  Meteosat-P2.  Very  few  LASSO  time 
comparison  points  were  obtained  during  this  experimentl^*  *®1.  They  show  a precision  of  order 
200  ps,  which  is  a major  improvement  over  other  methods,  but,  unfortunately  no  accuracy 
evaluation  has  been  made  so  far  now.  The  LASSO  experiment  also  showed  the  possibility 
of  monitoring  the  on-board  clock  with  a precision  of  order  50  ps.  This  could  serve  time 
dissemination  purposes,  but  again  the  corresponding  uncertainty  has  not  yet  been  evaluated. 

The  .specific  and  principal  difficulties  of  the  LASSO  experiment  are; 

• the  rather  poor  stability  of  the  oscillator  on  board  Meteosat— P2.  The  consequence  is  that 
the  stations  to  be  synchronized  must  both  shoot  the  laser  onto  the  satellite  within  a time 
window  equivalent  of  common-view  conditions. 

• the  weather  conditions  must  be  excellent  to  avoid  excessive  light  dissipation  which  prevents 
the  ground  observer  from  counting  an  adequate  number  of  return  photons. 
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Problems  with  on-board  oscillators  should  largely  be  resolved  using  T2L2,  because  ultra  stable 
sources  are  used.  In  addition,  as  the  Meteor-3M  satellite  orbit  is  far  lower  altitude  than  that  of 
the  geostationary  Meteosat-P2  satellite,  the  effects  of  weather  conditions  should  be  less  severe. 

The  T2L2  equipment  can  easily  be  installed  on  board  the  satellite.  The  princial  elements  in 
this  equipment  are  a light  detector  linked  to  an  event  timer,  and  an  Optical  Retroreflector 
Array  (ORA).  The  Earth  sites  concerned  with  this  experiment  require  to  have  at  their  disposal 
facilities  for  high-power  pulsed-laser  shooting,  together  with  a telescope.  Very  few  sites  meet 
these  requirements  and  it  may  be  necessary  to  increase  the  number  of  laser  stations  to  take 
full  advantage  of  the  ExTRAS  experiment. 


Timing  applications  through  ExTRAS  via  T2L2 

The  T2L2  time  transfer  system  can  serve  satellite  clock  monitoring  and  remote  f 
chronization  according  to  schemes  symmetrical  to  those  already  presented  for  the  PRARETIME 

technique. 


Satellite  clock  monitoring 

A signal  is  emitted  by  the  Earth  station  E With  Ti  and 
and  reflected  immediately  by  the  satellite  S. 

The  time  interval  t — ES  between  emission 
and  reception  at  the  station,  is 

recorded.  The  time  difference  between  the 
clocks  At.  is  given  byl*l; 

At  = tg.gl‘2  + (^) 

T2  the  individual  transmission  times  for  the  up-link  and 
the  down— link,  the  time  correction  6 is  written  as. 


<5  = (Ti-T2)/2. 

Using  (4),  this  is  expressed  as; 

8 = [(5i,u  - <5.,rf]/2  + Vg(to)  • Rgs(to)c“^  + 0(c“^), 
with  notations  similar  to  that  of  (4). 


(9) 

(10) 
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Ground  clock  synchronization 

Laser  pulses  are  emitted  from  the  ground 
stations  A and  B,  and  reflected  by  the  satel- 
lite S.  Three  time  intervals  are  recorded: 

• t-s  = h - ti,  the  time  elapsed  be- 
tween the  reflection  of  the  two  signals 
(recorded  on  the  satellite), 

• t.As  = t.2  — to  and  tgs  = U — to  — ^t, 
the  times  elapsed  between  the  emission 
and  reception  (recorded  in  stations  A 
and  B). 

The  time  difference  between  the  ground 
clocks  At  is  given  byf*>: 

At  = {tAS  — tBs)/‘^  + t^  -1-5.  (11) 

The  time  correction  6 is  written  as: 


5 = [(Ti  - T2)  - (T3  - T4)]/2,  (12) 

where  Ti,  T2,  T3,  and  T4  are  the  individual  transmission  times  for  the  up-links  and  the 
down-links. 

Using  (10),  this  is  expressed,  with  a notation  similar  to  that  of  (4),  as: 

5 = [5i,„-M>i/2-[<5i,K-MB/2+v^(fo)-R^^-(«o)c-2-Vg(to-KAf.)-RB,.(to-hAt)r-2+0(c-").  (13) 

In  (10)  and  (13)  no  range  estimations  are  involved  in  terms  of  order  which  is  again  typical 
of  a two-way  method.  Terms  of  order  c~^  may  amount  to  20  ns  and  can  be  calculated  at  the 
picosecond  level  even  with  a poor  knowledge  of  satellite-station  ranges  and  station  velocities 
in  an  inertial  frame  (accuracies  in  these  quantities  should  be  of  order  100  m and  0.02  m/s 
respectively).  Terms  in  contribute  a few  picoseconds. 

It  follows  that  the  time  comparison  value  between  the  ground  clock  and  the  on-board  clock,  or 
between  the  two  ground  clocks,  can  be  deduced  from  measurements  of  time  intervals  on-board 
the  .satellite  and  in  the  ground  stations,  and  from  the  estimations  of  differential  delays  in  the 
up-  and  down-paths.  No  accurate  estimation  of  the  range  between  the  satellite  and  the  station 
is  needed. 

It  is  important  to  note  that  atmospheric  delays  totally  cancel  in  (10)  and  (13)  since  the  T2L2  up 
and  down  frequencies  are  equal.  The  up—  and  down— links  from  the  stations  to  the  satellite  do 
not  necessarily  pass  by  the  same  internal  electronic  circuits  and  cables,  so  internal  differential 
delays  remain  in  (10)  and  (13). 
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Sources  of  uncertainties  for  timing  applications  through  ExTRAS 
via  T2L2 

The  uncertainties  affecting  timing  observations  come  from  the  on-board  hydrogen-maser,  and 
from  the  different  equipment  which  is  used  for  emitting  and  reflecting  the  optical  pulses. 
Similar  comments  apply  to  the  estimation  of  uncertainties  as  were  given  for  PRARETIME,  but 
two  points  should  be  noted: 

• no  uncertainties  are  to  be  taken  into  account  for  atmospheric  delays,  and 

• only  counters,  and  no  modems,  are  used  in  the  T2L2  technique,  which  reduces  the 
corresponding  uncertainty  to  fO  ps  (1  cr). 


Anticipated  uncertainty  budgets  for  timing  applications  through 
Extras  via  T2L2 

The  anticipated  uncertainty  budgets  are  given  in  Table  3 for  satellite  clock  monitoring  and 
ground  clock  synchronization  through  ExTRAS  via  T2L2.  Again,  the  parts  of  the  uncertainty 
coming  from  the  method  itself  and  from  the  links  to  the  local  1 pps  signals  are  separated.  One 
obtains  an  uncertainty  for  the  method  of  71  ps  (1  a)  for  satellite  clock  monitoring,  and  90  ps 
(1  (t)  for  ground  clock  synchronization.  The  total  uncertainties  of  308  ps  and  434  ps  (1  a)  are 
again  largely  dominated  by  terms  arising  from  the  local  links  to  the  1 pps  signals  in  the  ground 
stations. 

To  conclude,  the  estimates  of  the  T2L2  anticipated  uncertainty  budgets  are  very  close  to  those 
obtained  with  PRARETIME:  the  main  uncertainty  is  not  due  to  the  method  itself,  and  the 
overall  accuracy  of  time  transfer  is  characterized  by  an  uncertainty  well  below  0.5  ns  (1  <t). 
In  terms  of  the  method  itself,  T2L2  is  slightly  more  accurate  than  PRARETIME  and  may 
be  considered  as  the  reference  technique.  In  addition,  studies  about  the  calibration  of  the 
on-board  payload  are  being  carried  out,  which  may  show  that  the  tentative  estimate  of  the 
corresponding  uncertainty,  which  is  given  in  Table  3,  is  too  pessimistic.  Unfortunately,  however, 
T2L2  depends  on  clear  weather  and  on  specific  laser  equipment  of  a kind  not  available  in  many 
time  laboratories. 

CONCLUSIONS 

The  ExTRAS  experiment  could  provide  a time  transfer  method  based  on  .satellite  transportation 
of  ultra-stable  hydrogen  masers.  Two-way  connections  with  the  satellite  are  ensured  by  two 
techniques,  PRARETIME  and  T2L2,  both  potentially  accurate  at  a level  about  300  ps  (1  a) 
and  both  able  to  provide  satellite  clock  monitoring  and  ground  clocks  synchronization.  This 
could  represent  a very  intere.sting  improvement  in  the  accuracy  of  time  transfer  methods  when 
compared  to  GPS  common  views,  achieved  with  an  uncertainty  of  order  2 ns  (1  a)  over  short 
distances  (<  1000  km)  and  5 ns  (1  a)  over  long  distances  (>  5000  km),  and  to  Two-Way 
Satellite  Time  Transfer  via  geostationary  satellite,  for  which  the  best  accuracy  achieved  is  at 
present  1.7  ns  (1  a).  This  would  be  of  major  interest  for  time  metrology,  in  particular  for 
comparison  of  future  clocks  designed  for  frequency  uncertainties  of  some  parts  in  10^°. 
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Table  2-  Anticipated  uncertainty  budgets  for  satellite  clock  monitoring  and  ground  clock 
synchronization  through  ExTRAS  via  PRARETIME.  All  uncertainties  are  .n  picoseconds  and 
correspond  to  a 1 sigma  statistical  analysis.  No  uncertainties  on  time  comparison  arise  from 

range  estimation. 


Uncertainty  source 

Satellite  clock 

Ground  clocks 

monitoring 

synchronization 

Range 

0 

0 

Hydrogen  maser 

0 

50 

Atmospheric  delay 

20 

20v/2 

On-board  payload 

50 

20 

— "F" 

Earth  station 

50 

50^2 

— r ’ 

Modems  & counters 

50 

50/2 

Method  accuracy 

89 

117 



Ground  link  to  1 pps 

300 

300/2 

Total  accuracy 

313 

440 

Table  V Anticipated  uncertainty  budgets  for  satellite  clock  monitoring  and  ground  clocks 
synchronization  through  ExTRAS  via  T2L2.  All  uncertainties  are  in  picose^nds  and  correspond 
to  a 1 sigma  statistical  analysis.  No  uncertainties  on  time  comparison  arise  from  range  estimation 

and  atmospheric  delays. 


Uncertainty  source 

Satellite  clock 

Ground  clocks 

monitoring 

synchronization 

Range 

0 

0 

Hydrogen  maser 

0 

50 

Atmospheric  delay 

0 

0 

On-board  payload 

50 

20 

— 

Earth  station 

50 

50/2 

7^ 

Counters 

10 

Wj2 

Method  accuracy 

71 

90 



Ground  link  to  1 pps 

300 

300/2 

Total  accuracy 

308 

434 
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QUESTIONS  AND  ANSWERS 


SIGFRIDO  M.  LESCHIUTTA:  I was  saying  that  we  shall  aim  to  the  10  ps  resolution.  So, 
this  experiment  is  aiming  to  300  ps. 

CLAUDINE  THOMAS  (BIPM):  Maybe  I must  add  that  funding  is  not  yet  voted  for  this 
experiment.  So,  I’m  not  .so  sure  it  will  happen,  but  let’s  hope. 
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Abstract 

Canadian  plans  for  precise  time  and  time  interval  services  are  examined  in  the  light  of  GPS 
capabilities  developed  for  geodesy.  We  present  our  experience  in  establishing  and  operating  a 
geodetic  type  GPS  station  in  a time  laboratory  setting,  and  show  sub-nanosecond  residuals  for  time 
transfer  between  geodetic  sites. 

We  present  our  approach  to  establishing  realistic  standard  uncertainties  for  short-term  frequency 
calibration  services  over  time  intervals  of  hours,  and  for  longer-term  frequency  dissemination  at 
better  than  the  10  ^ level  of  accuracy. 

The  state-of-th(^art.  for  applying  CT’S  signals  to  geodesy  is  more  advanced  in  some  ways  than 
is  the  common  practice  by  national  time  and  frecpiency  lalroratories  for  applying  (IPS  signals  to 
PTTI  work.  The  Geodetic  Survey  of  Canada’s  positioning  capabilities  have  benefitted  greatly  from 
the  application  of  GPS  techniques  [1],  which  include  GPS  Inferred  F’ositioning  System  (GIPSY) 
software  developed  at  the  Jet  Prcjpulsion  Laboratory,  with  a capability  for  sub-nanosecond  clock 
synchronization  [2],  [3].  Currently,  GPS  techniques  for  time  transfer  between  national  time  labo- 
ratories have  not  exploited  the  more  advanced  global  geodetic  capabilities. 

In  national  time  laboratories,  common  practice  has  been  to  use  single-channel  C/ A code  receivers 
in  the  common-view  mode  where  13  minute  tracks  (about  40  per  day)  are  taken  on  its  regional 
tracking  schedule.  The  tracking  schedule  is  Issued  for  each  region  by  l.he  International  Bureau  of 
Weights  and  Measures  (BIF’M),  and  with  a delay  of  several  weeks  the  common-v'iew  differences 
are  post- processed  (with  the  measured  ionospheric,  corrections,  when  available)  using  the  precise 
ephemerides  determined  for  geodesy.  One  major  refinement  to  this  process  is  po.ssible  by  using 
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GPS  receivers  which  can  make  comparisons  with  the  GPS  carrier  phase,  and  use  this  information 
for  interlaboratory  frequency  comparisons.  Geodetic  receivers  can  do  this,  producing  significantly 
higher  precision  measurements  than  the  usual  timing  receivers.  Geodetic  receiver  networks  also 
track  signals  simultaneously  from  multiple  satellites  (up  to  8)  to  obtain  10-20  times  more  data  from 
each  station  than  is  specified  in  the  BIPM  tracking  schedule.  Geodetic  receivers  track  C^A  code, 
carrier  phase,  and  code  on  the  LI  and  L2  frequencies  (when  Anti-Spoofing,  or  AS,  is  off  and 
the  P code  is  transmitted),  measuring  them  all  with  respect  to  the  receiver  clock,  locked  to  the 
station’s  frequency  reference.  Ionospheric  corrections  are  measured  for  all  satellite  tracks  from  the 
difference  in  arrival  time  of  the  LI  and  L2  signals,  determined  from  LI  and  L2  F^-code  measurements 
(AS  off)  or  from  cross-correlation  of  the  LI  and  L2  signals  (AS  on).  Tropospheric  corrections  are 
also  modelled  for  each  station  [2].  Daily  satellite  orbit  solutions,  based  on  these  observations  from 
around  the  globe,  determine  the  space  coordinates  of  the  GF\S  receivers  at  the  level  of  al)out  cm 
or  100  ps;  and  benefit  from  station  frequency  references  derived  from  modern  masers. 

Despite  remarkably  good  time  residuals  of  well  under  a nanosecond  [2],  [3]  reported  using  these 
techniques,  they  have  not  yet  been  widely  embraced  l)y  national  time  laboratories.  Subnanosecond 
timing  precision  might  lead  to  improved  short-term  accuracy  of  interlaboratory  frequency  com- 
parisons and  facilitate  the  use  of  the  next  generation  of  primary  frequency  standards.  Benefits 
would  also  accrue  for  remote  frequency  calibrations  of  hydrogen  masers  (particularly  free-running 
hydrogen  masers),  or  frequency  calibrations  of  compa‘t  hydrogen  masers,  or  calibrations  of  cryo- 
genic superconducting  and/or  dielectric  frequency  standards,  or  perhaps  even  providing  short-term 
calibration  commensurate  with  the  10"^^^  lOOOs-stability  of  the  best  crystal  oscillators  [5]. 

In  C^anada,  the  geodetic  spatial  reference  system  is  the  responsibility  of  the  Geodetic  Survey  Division 
(GSD)  of  the  Federal  Government’s  Department  of  Natural  Resources  (NR Can),  and  the  time 
reference  is  the  responsibility  of  the  Time  and  Frequency  Standards  Group  of  the  National  Research 
C'ouncil  of  (Canada  (NRC).  The  two  organizations  have  begun  preliminary  work  on  evaluating  the 
possibilities  and  benefits  of  collaboration.  This  paper  will  focus  on  the  precise  tiiiie  and  time 
interval  aspects,  and  possible  F^TTl  applications. 


The  Global  Geodetic  GPS  Network 


The  International  Association  of  Geodesy  formally  established  the  International  GF^S  Service  for 
Geodynamics  (IGS)  in  1993.  It  started  operations  in  1994,  with  over  40  participating  agencies  from 
more  than  20  countries.  Over  50  continuously  operating  stations  are  now  collecting  and  exchanging 
data  (mostly  using  Rogue  GPS  receivers),  with  many  more  planned.  Of  these  stations,  some  use  a 
hydrogen  maser  frequency  reference;  and  of  these  some  take  part  in  VLBI  observations  for  geodesy 
and  time  transfer.  The  IGS  data  are  archived  in  three  Global  Data  Centres,  and  analyzed  by  seven 
Analysis  (Centres  which  forward  their  results  to  the  Global  Data  C'entres  for  archiving  and  on-line 
ac’cess. 

The  Geodetic  Survey  of  Canada  operates  one  of  these  Analysis  Centres,  and  the  data  analyses 
reported  here  are  drawn  from  their  routine  processing  [1],  The  daily  routine  analysis  is  based  on 
the  data  from  about  24  globally  distributed  GPS  tracking  stations  (Figure  1).  The  data  from  each 
station,  sampled  at  30  s intervals,  are  validated  to  monitor  the  receiver  clock  and  tracking  including 
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cycle  slip  detection),  code  multipath  and  ionospheric  activity  levels,  and  to  compute  differential 
satellite  range  corrections.  One  GPS  receiver  with  a hydrogen  maser  frequency  reference  is  used  as 
a master  reference  clock,  and  other  stations’  clocks  are  reported  with  respect  to  this  master  clock. 
GIPSY  II  .software  uses  carrier  phase  and  pseudo-range  measurements  to  generate,  from  each  day’s 
data,  precise  GPS  satellite  ephemerides,  .satellite  and  station  clock  corrections.  Earth  orientation 
parameters  (EOP),  station  coordinate  corrections  and  satellite  orbit  predictions  for  the  next  24 
hour  period.  The  full  solutions  are  then  u.sed  for  geodetic  positioning,  and  for  the  station  clock 
intercomparisons. 

GSD  processes  each  day’s  data  independently,  without  overlaps  (unlike  other  Analysis  Centres), 
u.sing  the  previous  day’s  predictions  as  only  the  initial  estimates  for  .satellite  orbits.  Compari.sons 
of  the  precise  orbits  from  different  Analysis  f Centres  show  RMS  differences  of  around  20  cm  [4]. 
Station  residuals,  on  7.5  min  observations,  show  RMS  deviations  typically  under  1 m for  range,  1 
cm  foi  phase  and  less  than  .100  ps  between  the  receiver  clocks  of  two  stations  with  hydrogen  maser 
fiequency  standards.  The  repeatability  of  the  daily  averages  for  the  station  coordinates  is  typically 
1 to  2 cm.  GSD  u.ses  AS  range  bias  modelling  which  shows  station  and  satellite  dependences. 

The  small  variations  in  mean  space  coordinates  mainly  reflect  differentials  in  reception  time,  and 
it  cannot  be  expected  that  the  time  coordinate  would  be  as  stable  on  average,  since  common-mode 
delays  which  affect  all  satellites  (and  which  can  largely  cancel  for  the  space  coordinates)  will  be 
included  with  the  station  clock  in  the  solutions.  The  time  variances  of  .systematic  errors  in  tropo- 
spheric delay  variations,  uncorrected  ionospheric  delay  variations,  multipath  pulling  .systematics, 
temperature  related  variations  of  delay  in  antennas,  cables  and  receivers;  variations  in  receiver 
timing  due  to  amplitude  variation  of  the  5 MHz  reference,  or  the  5 MHz  reference’s  calrle  delay 
variation  all  add  to  the  variances  of  the  two  station  clocks  (particularly  small  for  masers)  filtered  by 
the  whole  adjustment  process,  and  warrant  careful  study  at  lietter  than  the  .400  ps  level  of  precision 
exhibited  by  the  station  clock  residuals. 

Another  concern  might  be  that  the  clock  residuals  could  be  deceptively  low:  that  the  fitting  proce.ss 
is  .so  optimized  that  the  effective  bandwidth  for  clock  variations  is  smaller  than  we  believe.  However, 
in  the  work  pre.sented  here,  the  effective  bandwidth  of  the  .solutions  every  7.5  minutes  allows  for 
white  phase  noise  on  the  receiver  clocks  of  up  to  1 ms.  This  allows  the  solution  to  cope  with 
receiver  clock  resets.  The  station  clock  .solutions  are  normally  more  than  10^  times  smoother  than 
this,  and  show  Allan  deviations  at  7.5  minutes  as  small  as  3.7  x 10“'^.  The  broad  bandwidth 
for  the  station  clocks  is  confirmed  in  that  known  clock  anomalies  are  quickly  reproduced  in  time 
intercomparLsons  by  this  method.  Independent  clock  and  baseline  compari.sons  between  several 
IGS  stations  are  made  by  VLBI,  and  are  reassuring  [2],  [3].  Other  independent  techniques  such 
as  two-way  time  transfer  for  time  .synchronization  and  frequency  calibration  will  also  be  used  for 
compaii.son.  Techniques  for  measuring  .systematic  time  delay  effects,  and  where  po.ssible  correcting 
their  cau.ses,  are  also  planned. 


GPS  Station  at  NRC 

For  the  GPS  station  at  NRC,  both  ground  level  and  rooftop  antenna  locations  were  evaluated  for 
multipath  and  radio  interference,  and  the  convenient  rooftop  location  was  found  more  suitable. 
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The  Kruund  level  site  (the  two-way  time  transfer  antenna  compound)  would  also  require  continuous 
monitoring  of  the  loop  delay  (1.2/xs).  Three  matched  triax  line,  and  three  ^1^^^  wem 

installed,  cut  to  minimize  phase  perturbations  (length  a multiple  of  A/4  or  oO  ns  j 

reference  from  the  maser  distribution  amplifiers.  The  three  lines  permit  mdividual  cable  delays  to 
be  determined.  Two  Turborogue  SNR-8000  receivers  were  installed  to  provide  redundancy  and  a 
capability  for  evaluating  possible  systematic  effects.  For  the  results  presented  here,  one  antenna 
fed  both' receivers  through  a microwave  splitter.  When  the  receivers  are  fed  from  the  same  masei , 
this  zero  baseline  setup  shows  periods  when  the  clock  solution  differences  are  well  under  50  ps 
although  occasional  day-to-day  variations  of  100  ps  have  been  oteerved.  To  monitor  the  receivers 
clocks  and  to  recover  absolute  timing,  the  1 pps  outputs  of  the  two  receivers  are  measured  ear 
hour  with  respect  to  a 1 pps  derived  from  the  maser. 

The  receivers’  5 MHz  freciuency  reference  is  supplied  by  the  NRC-built  hydrogen  maser  H4,  a 
low-flux  maser  with  a fluoroplast  F-10  coated  bulb,  operated  with  cavity  autotuning.  Its  average 

drift  rate  is  less  than  5 x 10-^^  per  day.  The  rest  of  the  NRC 
masers,  three  NRC-built  high-stability  primary  cesium  clocks  (fry(r)  < xlO  /r  o 
seconds)  and  two  commercial  cesium  clocks  (HP5071  A).  The  other  masers  are  H4:  similar  to  H4 
but  with  a FEP-120  Teflon  bulb  coating,  and  an  average  drift  rate  of  .1  x 10  per  day,  an  . 
frecvrimning  NRC-built  maser  which  has  been  operating  since  1967.  High-resolution  (0.2  ps)p  lase 
measurements  between  clocks  of  the  ensemble  are  ii.sed  in  an  algorithm  for  are 

time  scale,  optimized  for  stability  over  several  days.  The  stabilities  o al  7^ 

monitored  routinely.  The  Allan  deviation  attributed  to  H4  is  typically  less  than  2 x 10 
periods  of  1-10  days.  Thus  time  transfer,  between  NRC  and  other  laboratories  with  similar  masers, 
could  reliably  measure  time  transfer  instability  of  a few  hundred  ps  over  24  hours  or 
investigating  the  longer  term  stability  limit  of  CPS  time  transfer,  even  the  best  masers  stab.h  y 
will  not  suffice  and  comparisons  with  other  techniques  such  as  twc^way  time  transfer  will  have 

ho  oinployed. 


Operational  Experience 

I'he  long-term  behaviour  of  the  two  Turborogue  rec-eivers  over  the  past  year  has  given  excellent 
time  residuals,  as  will  be  shown  lielow.  They  have  lieen  integrated  into  the  NRC  time  laboratory 
operations  with  only  minor  problems.  The  receiver  1 pps  outputs  have  exWnted  two  types  reset, 
which  are  somewhat  inconvenient.  The  most  common  is  the  receiver  .software  -e^^re  the 
rei-eiver  software  resets  its  time  by  n cycles  of  the  analog-to-digital  converter  cbck  (48.885  ns  at 
the  20  456  MHz  ADC  clock  frequency)  - often  by  several  microset:onds  - without  affecting  the 
coherence  of  the  5 MHz  to  20.456  MHz  synthesis.  These  1 pps  resets  present  a processing  problem 
oiilv  and  when  resolved  do  not  affect  the  precise  time  and  frequency  mtercomparisons  The  rarer 
tvpe  of  power-down  reset  does  affect  the  coherence  of  the  ADC  clock  synthesis,  altering  e s a e o 
the  rec  eiver’s  synthesizer  with  respect  to  the  station’s  1 PPS.  Thus  resets  after  a receiver  lock-up 
(e  g lightning  strike),  or  after  cabling  changes  or  following  operator  “finger  trouble  need  to 
measured  carefully,  with  respect  to  the  time  laboratory’s  UTC(k).  Neither  type  of  reset  present^ 
any  technical  difficulty  for  a time  laboratory,  where  differences  between  1 pps  signals  aie  measure 

and  logged  automatically. 
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The  receiver  GPS  data  sampling  rate  is  .‘iO  s {C/ A pseudorange,  C/A  phase,  and  P2-P1  differential 
delay,  by  cross-correlation  with  AS,  or  PI  and  P2  pseudo-ranges  and  phases  with  AS  off),  and 
the  data  is  extracted  regularly  by  GSI).  GPS  data  from  about  24  IGS  sites  were  used  in  GIPSY 
II  processing  of  each  24  hour  period,  to  determine  precise  GPS  ephemerides.  Earth  orientation 
parameters  and  daily  station  mean  coordinates.  Station  coordinate  solutions  provide  daily  mean 
positions  in  the  ITRF  (ITRF92).  The  daily  solutions  also  provide,  in  7.5  minute  intervals,  receiver 
clock  differences  with  respect  to  the  reference  station,  and  each  station’s  tropospheric  corrections. 
The  receiver  clock  differences  are  evaluated  allowing  for  a wide  bandwidth  white  phase  noise  of 
1 ms,  and  have  no  further  smoothing.  No  data  overlap  is  used  from  one  day  to  the  next,  except 
that  the  initial  orbit  estimates  are  extrapolated  from  the  precise  ephemerides  of  the  previous  day  s 
solution.  The  independence  of  each  day’s  .solution,  and  its  clock  intercomparlsons,  can  be  used 
to  .simplify  our  preliminary  analysis  of  the  frequency  stability  of  this  powerful  method  of  clock 
intercomparisons. 


Stability 

Operationally,  geodesy  can  tolerate  occasional  receiver  clock  resets  (of  the  two  kinds  discussed 
above)  as  well  as  receiver  clock  variations  in  frequency  which  are  undesirable  for  PTTl  stability 
analysis.  For  our  initial  .stability  analyse, s,  we  .select  periods  (of  up  to  .several  weeks)  that  are  largely 
free  from  the  unmistakable  signatures  of  these  perturbations,  and  apply  the  classical  techniques  of 
stability  analysis.  There  are  other  good  techniques  for  examining  the  stability  of  the  clock  difference 
solutions,  such  as  observing  the  time  residuals  on  closure  checks  from  solutions  over  different  groups 
of  stations  [2]  - but  we  prefer  the  standard  method  for  quantifying  and  presenting  the  method  s 
stability  for  frequency  transfer. 

Figures  2 through  6 show  receiver  clock  differences  between  maser-equipped  stations  for  20  consec- 
utive daily  global  solutions,  starting  at  1994-10-25  00:00  UTC.  Figure  2 shows  the  clock  difference 
for  this  period  along  the  shortest  baseline  (200  km),  between  the  NRC  time  laboratory  in  Ottawa 
and  the  Algonquin  Park  observatory.  In  Figure  2,  the  rapid  change  in  frequency  at  the  end  of  day 
4,  of  23  X lO”^"*,  is  associated  with  a large  temperature  excursion  in  the  Algonquin  maser  room, 
which  was  fixed  on  day  7.  The  rapid  re.sponse  of  the  solution  is  noteworthy,  and  confirm.s  the  broad 
bandwidth  allowed  by  the  solution. 

Figure  .3  shows  the  maser  comparisons  between  NRC  and  Goldstone  (CA).  Figure  4 shows  the 
maser  comaprisons  between  NRC  and  Madrid  (Spain).  These  are  long  baselines  (4  x 10‘  and  6x10 
km),  but  the  stations  still  have  common  view  satellites  in  the  global  solutions.  In  Figure  o is 
plotted  a maser  intercomparison  with  a longer  baseline  (1.7  x lO^km)  between  NRC/  and  Tidbinbilla 
(Australia)  which  have  no  common  view  satellites.  Figure  6 shows  an  intermediate  case  (lO'^  km), 
the  difference  between  the  Figures  3 and  4,  a comparison  between  Goldstone  and  Madrid. 

The  performance  is  strikingly  good.  The  daily  .solutions  are  not  forced  to  smooth  day-to-day  maser 
comparisons,  and  have  to  re-solve  for  the  carrier  phases  from  one  day  to  the  next.  Nonetheless 
on  many  days  only  small  discontinuities  can  be  seen  between  .solutions.  The  largest  discontinuities 
are  for  the  end  of  days  16  and  18,  and  are  clearly  as.sociated  with  the  NRC  station  bias.  Within 
each  day’s  .solution,  the  maser  comparisons  are  even  more  stable.  For  the  smoothest  comparison. 
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Figure  3,  the  Allan  deviation  cTy{T  = 450«)  is  1.9  x 10“’^,  and  3.7  x 10“^^  if  the  effects  of  the 
discontinuities  are  removed  from  the  analysis.  Clearly  the  effects  of  systematic  uncertainties  will 
be  more  important  for  real  applications  than  this  level  of  the  .solutions’  stability.  One  example  of 
such  .systematics  can  be  seen  in  Figure  4,  where  there  is  a ±10“*^  short-term  frequency  variation. 

Eawlier  Algonquin  to  NRf’  comparisons  are  shown  in  greater  detail  in  Figure  7.  The  magnitude 
of  the  time  discontinuities  between  daily  solutions  are  emphasized  in  the  Figure,  and  can  be  used 
to  determine  the  RMS  residual  of  the  clock  comparLsons  at  each  00:00  UTC.  In  the  absence  of 
fmy  uncertainty  in  the  .solutions,  one  day’s  .solution  should  extrapolate  (forward  in  time)  to  the 
srune  clock  difference  as  the  next  day’s  solution  (extrapolated  backwards  in  time).  Since  the  daily 
.solutions  rire  independent,  the  time  offset  in  the  .solutions  should  average  to  \/2  times  the  residual. 
Thus  the  end-point  residual  can  be  determined  from  the  RMS  average  time  offset  (divided  by  \/2). 
The  estimate  does  not  include  the  full  long-term  effects  of  time-dependent  variation  of  the  satellite 
orbits,  the  station  equipment  and  the  atmasphere,  which  must  be  accounted  for  in  any  estimate 
of  the  frequency-transfer  stability,  however  it  does  account  for  these  effects  acting  on  successive 
daily  solutions,  including  the  redetermination  of  the  carrier  phases.  Figure  8 shows  a histogram 
of  the  time  discontinuities  between  NRC’’s  maser  and  masers  at  five  other  stations  (Algonquin, 
Yellowknife,  Coldstone,  Madrid  and  Tidbinbilla)  for  the  20  day  period  shown  in  Figures  2-6.  The 
RMS  re.sidual  is  880  ps,  but  appears  to  have  outliers  from  a central  peak,  which  has  an  RMS  of 
310  ps. 

The  zenith  tropospheric  correction  solutions,  which  are  .smoothed  for  each  site  with  a 33  ps/\/hour 
random-walk,  for  this  20-day  period  show  an  Allan  deviation  of  «Tj,(t  = Iday)  = 1.2  x lO"^"’  for 
the  NRC-AIgonquin  link  and  up  to  twice  thus  for  the  longer  baselines.  For  the  results  presented 
here,  these  small  corrections  have  been  applied;  for  other  methods  it  presents  luseful  insight  into 
one  term  in  the  time  transfer  error  budget. 

The  independence  of  each  day’s  processing  can  also  be  used  to  determine  an  Allan  deviation  from 
each  day’s  average  frequency:  (2M  - I)"’  ~ ^i)^-  The  re.sults  of  this  Allan  deviation, 

comparing  the  NRC’  maser  to  remote  clocks  via  the  geodetic  network’s  clock  solution  clearly  shows 
clock  noise  for  .some  stations:  For  St.  John’s  (Newfoundland),  using  a Rb  clock,  ay{r  = Iday)  = 
7.7  X 10  ; for  Penticton  (BC.),  using  a cesium  clock,  <yy(r  = Iday)  = 3.6  x 10~'^;  for  Algonquin, 

using  a maser  with  a misbehaving  maser  room  thermostat,  <Tj,(t  = Iday)  = 3.8  x lO"*"*;  for  the 
remaining  four  stations  equipped  with  masers,  at  Yellowknife  cry(T  = Iday)  = 1.1  x 10~^'‘;  at 
Tidbinbilla  (Ty{T  = Iday)  = 7.0  x 10“^'^;  at  Madrid  ay{T  = Iday)  = 5.0  x 10~’'^  and  at  Goldstone 
(Ty{T  = Iday)  = 4.9  x 10~''’, 

These  results  are  quite  encouraging,  but  further  work  is  required  to  study  pos.sible  .systematic  time 
and  frequency  biases  present.  The  short-term  stability  of  frequency  transfer  also  warrants  further 
study.  The  results  shown  in  the  NRCtMadrid  comparison  (bottom  graph  in  Figure  3)  show  a 
residual  double-hump  structure,  within  each  day’s  solution,  which  Ls  not  likely  due  to  the  intrinsic 
behaviour  of  the  Madrid  maser  and  could  be  as.sociated  with  GPS  satellite  constellation  geometry. 
Clearly  this  behaviour  could  generate  biases  on  hour-long  frequency  calibrations  by  GPS  which 
could  be  up  to  ±10“^^.  The  long-term  statistics  of  the  comparisons,  including  the  time  offsets 
between  daily  solutions,  need  to  be  considered  and  compared  with  other  high-accuracy  methods 
such  as  two-way  time  transfer.  Post-proce,ssed  frequency  and  time  dissemination  within  Canada 
will  benefit  if  these  questions  can  be  addre.s.sed  for  periods  of  10^  to  10^  seconds.  One  can  imagine 


146 


I I ^ I r Tt  . ^ accuracy  (for  time  intervals  longer  than  one  day)  can 

ahso  be  established,  the  GPS  geodetic-style  time  transfer  might  be  helpful  in  comparing  the  next 
generation  of  high^arxuracy  frequency  standards  [6],  particularly  on  baselines  where  two  way  time 

irhlhirtvr.f'f  --iated 

stand  H I transfer,  we  would  like  to  apply  the  techniques  we  have  developed  for 

soluti/"^  ‘'qr'"  " techniques  can  be  applied  to  the  continuous  clock 

.solutions  within  the  day,  but  require  further  development  to  be  applied  for  longer  time  periods  The 

frequency  ^aasfer  capabilities  of  operational  GPS  .systen.s,  developed  for  geodesy,  appeimt  il  l 
Ip^catfont  mterlaboratory  frequency  comparisons  and  for  frequency  dissemination 
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Ptau..  2.  M3se,  dock  dWccncc.  bdwecn  A.gonq.™  and  NRC 
.drained  horn  the  global  OPS  solution.  Each  day  is  treated  tndependently. 
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Figure  3.  Maser  clock  differences  between  Goldstone  and  NRC,  obtained  from  the 
global  GPS  solution.  Some  direct  common  view  satellites  exist  for  this  4x10  km  baseline. 
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Figure  4.  Maser  clock  differences  between  Madrid  and  NRC,  obtained  from  the  global 
GPS  solution.  Some  direct  common  view  satellites  exist  for  this  6x10^  km  baseline. 
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Figure  7,  Daily  global  GPS  solutions  showing  the  Algonquin  • NRC  maser  clock 
differences,  with  the  discontinuities  emphasized  by  the  “bars”  at  00:00  each  day. 
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Figure  8.  Histogram  of  daily  solution  discontinuities  for  the  20  days 
of  Figs.2-6,  between  NRC  and  five  IGS  stations  using  masers,  scaled 
by  l/>^2  to  reflect  the  residual  at  the  ends  of  the  daily  solutions.  The 
open  bars  represent  values  included  in  the  determination  of  the“rms” 
value,  and  excluded  from  the  “peak  a”  value. 
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Figure  5.  Maser  clock  differences  between  Tidbinbilla  and  NRC,  from  the  global  GPS 
solution.  No  common  view  satellites  exist  for  this  1.7x10'*  km  great  circle  baseline. 
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Abstract 

The  CNES  project  of  a European  Complement  to  GPS  [CE-GPS]  is  conceived  to  fullfiU  the 
needs  of  Civil  Aviation  for  a non-precise  approach  phase  with  GPS  as  sole  navigation  means.  This 
generates  two  missions*,  a monitoring  mission  — alarm  of  failure  and  a navigation  mission 

— generating  a GPS-like  signal  on  board  the  geostationary  satellites.  The  host  satellites  will  be 
the  Inmarsat  constellation.  The  CE— GPS  missions  lead  to  some  time  requirements,  mainly  the 
accuracy  of  GPS  time  restitution  and  of  monitoring  clock  synchronization. 

To  demonstrate  that  the  requirements  of  the  CE-GPS  could  be  achieved,  including  the  time 
aspects,  an  experiment  has  been  scheduled  over  the  last  two  years,  using  a part  of  the  Inmarsat  II 
F—2  payload  and  specially  designed  ground  stations  based  on  10  channels  GPS  receivers.  This  paper 
presents  a review  of  the  results  obtained  during  the  continental  phase  of  the  CE-GPS  experiment 
with  two  stations  in  France,  along  with  some  experimental  results  obtained  during  the  transatlantic 
phase  (three  stations  in  France,  French  Guyana,  and  South  Africa),  It  describes  the  synchronization 
of  the  monitoring  clocks  using  the  GPS  Common-view  or  the  C-  to  L-Band  transponder  of  the 
Inmarsat  satellite,  with  an  estimated  accuracy  better  than  10  ns  (I  a). 


INTRODUCTION 

The  Centre  national  d’etudes  spatiales’  (CNES,  France)  is  the  French  Space  Agency.  The 
CNES  project  of  a European  Complement  to  GPS  (CE-GPS  in  the  following)  is  dedicated 
to  the  needs  of  the  Civil  Aviation  community  to  achieve  the  requirements  of  a non— precision 
approach  phase  with  GPS  used  as  sole  navigation  means.  Many  functions  have  to  be  fullfilled 
by  such  a system,  for  which  the  time  requirements  are  reaching  the  state  of  the  art  of  the 
techniques  used  by  the  Time  Metrology  community.  The  whole  CE-GPS  project  started  more 
than  four  years  ago,  and  the  experimental  part  more  than  two  years  ago. 
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INTENTIONALLY  BLANK 


At  this  point  of  the  CE-GPS  project,  all  experimental  stages  have  been  performed,  with  a great 
amount  of  collected  data  to  be  processed.  The  results  presented  in  this  paper  concern  only  the 
time  aspects  of  the  experiment,  the  calibrations  of  the  ground  stations  and  the  synchronization 
of  the  monitoring  clocks  during  the  continental  and  transatlantic  phases.  Both  Common-view 
GPS  and  Two-way  time  transfer  through  geostationary  satellite  have  been  used,  the  processing 
of  the  data  being  carried  out  by  the  ‘Laboratoire  primaire  du  temps  et  des  frequences  (LPTF, 
France).  The  results  obtained  are  ctrmpared  to  the  requirements  of  the  CE-GPS  project. 


SHORT  REMINDER  OF  THE  CE-GPS  PROJECT 

The  concept  of  the  CE-GPS  and  the  experimental  system  were  presented  at  the  EFTF  93 m. 
The  CNES  project  of  a European  Complement  to  GPS  is  mainly  dedicated  to  the  needs  of 
the  Civil  Aviation  community.  It  can  be  considered  as  the  first  step  of  a French  design  for  a 
Global  Navigation  Satellite  System  (GNSS).  The  reference  mission  adopted  by  the  CNES  will; 

- achieve  the  requirements  of  a non-precision  approach  phase. 

- enable  GPS  to  be  used  as  sole  navigation  means. 


The  functions  to  be  fullfiled  by  such  a system  are: 

- a monitoring  mission:  alarm  of  a failure  on  a GPS  satellite  within  10  seconds. 

- a navigation  mission:  to  increase  the  GPS  availability  by  eliminating  coverage  gaps. 

Following  the  proposals  of  satellite  operators,  it  was  agreed  that  the  space  segment  would  be 
provided  by  the  Inmarsat  III  geostationary  satellites.  Because  one  of  the  system  specifications 
is  to  minimize  modifications  on  the  existing  GPS  receivers,  the  signal  transmitted  by  the 
geostationary  payload  shall  be  similar  to  a GPS  signal.  In  addition  it  has  to  carry  specific 
CE-GPS  informations.  This  and  other  specifications  have  many  consequences,  among  which 
only  the  time  aspects  are  described  in  this  paper. 

To  prove  the  feasability  of  such  a Complement  to  GPS,  and  to  help  estimating  the  performances 
and  the  limits  of  an  operational  system,  the  CNES  has  organized  an  experiment  of  which  main 
objectives  are: 

• to  confirm  the  ability  of  transmitting  a GPS-like  signal  from  a geostationary  satellite. 

• to  demonstrate  the  feasability  of  synchronizing  with  the  GPS  time  a virtual  clock  on  board 
the  geostationary  satellite. 

• to  demonstrate  the  capability  of  GPS  receivers  to  process  the  CE-GPS  signal. 

• to  evaluate  the  User  Equivalent  Range  Error  (UERE)  [2]  when  using  the  geostationary 
satellite. 

• to  synchronize  the  ground  stations  following  the  requirements. 
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the  InmaLt  n F?  CE-GPS  expenment,  beside  the  GPS  NAVSTAR  constellation,  is 

the  Inmarsat  II  F2  geostationary  satellite  of  which  part  of  a transponder  in  the  payload  was 

made  available  free  of  charge  to  the  CNES  for  the  duration  of  the  experiment.  The  ground 
^gmen  is  ma  e of  three  specially  designed  ground  stations  ba.sed  on  10  channels  navigation 
S receivers,  whose  development  has  been  entrusted  to  the  IN-SNEC  (Caen,  France)  and 

TLterCFmnc^lT^''''''"® 

The  CE-GPS  experimentation  was  divided  into  three  stages:  a first  stage  in  May-June  1993 

The  clock,  called 

the  I PTF  September  to  November  1993  with  one  station  at 

r^MeH  th  Toulouse  (France), 

af  PNf?"  ""  three  .stations  located 

fSout'h  (France),  Kourou  (French  Guiana)  and  Hartebeeshoek 

S tL  Kri  J \ these  three  stations 

are  ILS,  KRU,  and  HBK,  with  obvious  meanings. 


TIME  ASPECTS  OF  THE  CE-GPS 


The  time  requirements  concerning  the  navigation  mission  to  be  fullfilled  by  the  system  are  the 
synchronization  with  respect  to  GPS  satellites.  The  standard  deviation  of  the  time  difference 

anrcpV"tTr  Tt  geostationary  payload  and  an  equivalent  event  issued  from 

w>kTa  f ^20  ns  with  Selective  Availability  (S.A.)  on  121 

With  S.A.  off,  these  requirements  drop  to  20  ns.  Concerning  the  monitoring  mission,  the  time 

wi?hinXnwf  "*1  '^"‘'hronization  of  the  monitoring  clocks,  which  should  be 

7s  n.  n ^ geostationary  satellite,  or  within 

ns  1 s)  ii  not. 

The  description  of  the  system  architecture,  of  the  ground  stations,  and  the  discussion  about  time 

and  frequency  servo^ntrol  techniques,  or  orbitography  aspects,  have  been  made  elsewhere 

Th!  f and  .some  of  the  calibration  results  are  presented  here 

behavTu^^onhl  S A the  requirements,  based  on  the  statistical 
lour  of  the  S.A.  noise,  is  described  in  a paper  presented  at  the  EFTF  94  141  along  with 

some  experimental  results  obtained  with  a four-K^hannel  time  dedicated  GPS  receiver;  over  an 

averaging  period  2 h 24  min,  and  with  the  simultaneous  use  of  the  four  channels  it  has 

M ns  an  accuracy  of 

IL  rpl  ^ achieving  a clock  synchronization  is  to  use  the  results  of 

the  GPS  time  restitution  separately  calculated  in  remote  stations  [1,4]. 

The  time  aspects  of  the  CE-GPS  presented  in  this  paper  are  the  synchronization  of  the  ground 
rh  h Common-view  or  by  Two-way  satellite  time  transfer  (TWSTT) 

synchronization  If  rentoti 

a eTnch^^ed  n tha  ‘'""=  receivers 

whh  the  BIPM I Common- View  technique 

the  ■ “a  9"'=''™"*“““".  P™''i‘'c‘l  '"nt  a calibration 

e receivers  is  done,  and  that  atmospheric  measurements  are  made  available.  Until 
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„ow.  TWSTT  was  performed  using  Eu.elsat  or  tfTlZ 

When  usine  MITREX  Modems  over  short  bases  ( 800  km),  an  acci  r y 

satellites,  wnen  using  miii  nPS  r'ommon— view  results 

gold  pn-codes  [1,2]. 


EXPERIMENTAL  SET-UP 


T:rsrJ£XTJSr.z'^^ 

presenlaiion  of  the  stations  of  the  CE-GPS  experiment  can  be  found  elsewhere  (1|, 

Inmarsat  II  F2  is  located  -15.5  E.  The  Sagnac  effect  for  all  links  is  easy  >o  determine  w.th  an 
uncertainty  within  0.01  ns  (1  s).  All  stations  are  identical  tn  terms  of  a spatial  Imk. 

Antenna  diameter  C-Band:  0.6  m 
uplink  frequency;  6428.475  MHz  (C-Band) 

Uplink  S/C  GAT:  -14  dB/K 

Antenna  diameter  L-Band:  1.2  m 

Downlink  frequency:  1533.475  MHz  (L-Band) 

Downlink  on  axis  G/T;  1 .3  dB/K 
Maximum  EIRP:  39.8  dBW 

At  the  start  of  the  experiment,  no  data  were  available  concerning  TWSTT  performances  when 

At  tne  siar  F erodes  and  GPS  receivers  as  Modem.  Ine  oasic 

using  an  Inmarsat  transponder,  A g receivers  is  0.6  s.  It  was  decided  to  schedule 

sampling  period  of  the  data  insi  e e.  statistical  analysis  on  a sufficient  amount  of 

r:  ™ 

took  place  at  1:15,  7:15,  13:15,  and  19:15  TU. 

inside  each  ground  station  (hgure  O^am  implemem^^^  »o  SERCEL 
GPS  Common-view  technique. 

Because  the  navigation  receivers  NRI06  have  no  input 

from  the  cesium  c>o^^  " C/7codr;;lron"ed  wfth  thf  I pps  output  of 

has  two  functions.  It  generates  a sequence  o / y internal  counter  of  both 

the  clock,  which  modulates  a L ,|„k  for 

^|I)^E  c”ns'-  ^TiMA^strl  for^L  operational  GPS,  no.  to  be  used  until 

Lther-notice.  Forr« 

The  other  fun^ion  of  this  •generator’  is  to  output  the  servo-controlled  signal  related  to 
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the  1 pps  of  the  clock  to  the  transmitting  antenna  towards  Inmarsat  (C-Band  carrier).  This  is 
similar  to  the  transmitting  part  of  a Modem  used  for  the  TWSTT,  like  MITREX  for  instance. 
The  equivalent  to  the  receiving  part  of  a cla.ssical  TWSTT  Modem  are  the  NR106  receivers. 

There  are  opportunities  for  test  links,  short  loop,  and  changes  of  the  role  of  each  NR106 
receiver.  There  are  other  possible  station  configurations  to  be  considered  [1],  but  for  the 
time  aspects  of  the  CE-GPS,  a stable  configuration  was  chosen  for  the  whole  period  of  data 
collection.  The  Cesium  clocks  monitoring  the  CE-GPS  stations  were  a HP  5071  A option  1 at 
the  LPTF,  a HP  5061  A option  4 at  TLS  and  KRU,  and  an  Oscilloquartz  at  HBK.  All  types 
have  proven  to  remain  stable  enough  to  evaluate  properly  the  performances  of  the  CE-GPS 
stations. 

Either  the  GPS  or  the  C-  to  L-Band  radiowave  techniques  need  e.stimations  of  the  atmospheric 
delays.  Models  for  tropospheric  delays  are  working  reasonnably  well  at  the  nanosecond  level. 
For  ionospheric  delays,  ionospheric  calibrators  are  needed.  Ten  channels  codeless  receivers  (not 
on  figure  1)  were  used  at  all  CE-GPS  stations  for  measuring  the  ionospheric  delays  on  the  GPS 
satellites  signals.  A polynomial  mapping  method  was  scheduled  to  be  used  to  determine  the 
ionospheric  delays  in  the  direction  of  the  Inmarsat  geostationary  satellite.  But  many  problems 
occured  during  the  running  of  the  ionospheric  calibrators.  Considering  the  small  distance 
between  both  stations  involved  in  the  continental  phase  ( 800  km),  it  was  decided  to  use  the 
STANAG  results  as  the  ionospheric  delays  in  the  direction  of  GPS  satellites,  and  a Bent  model 
for  the  C-  and  L-Band  ionospheric  delays  in  the  direction  of  the  Inmarsat  satellite.  Because 
the  lines  of  sight  of  the  Inmarsat  satellite  from  both  TLS  and  LPTF  stations  were  very  close, 
the  difference  of  the  C-Band  ionospheric  delays  was  negligible  at  the  nanosecond  level. 

For  the  transatlantic  phase,  because  the  ionospheric  calibrators  have  worked  well  only  part  of 
the  time,  the  LPTF  proposed  to  compute  the  ionospheric  delays  as  following: 


• for  each  15  s sampled  measurements  in  the  direction  of  GPS  satellites,  a VTEC  (vertical 
total  electronic  content)  is  calculated. 

• a mean  value  of  these  VTECs  is  estimated,  and  projected  in  the  direction  of  the 
geostationary  satellite. 

• for  each  TWSTT  15  min  session,  a mean  value  of  the  iono.spheric  delays  is  computed. 

• during  the  whole  periods  where  TWSTT  measurements  have  been  made  continuously  an 
average  value  of  the  ionospheric  delays  in  the  direction  of  the  geostationary  satellite  is 
computed,  separately  for  the  4 daily  sessions.  Three  periods  of  5 to  7 days  duration, 
where  the  CE-GPS  stations  have  worked  continuously,  have  been  identified  during  the 
tran.satlantic  phase  of  the  experiment. 


It  was  proposed  to  consider  as  an  uncertainty  on  the.se  values  the  highest  standard  deviation 
of  the  computed  average  values,  which  was  5.1  ns  (1  s).  This  is  of  course  not  a state  of 
the  art  value.  It  was  also  proposed  to  try  to  use  some  IGS  ( International  GPS  Service  for 
geodynamics)  post-processed  data,  but  the  results  are  not  available  yet. 
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CALIBRATIONS 


All  internal  delays  of  the  ground  stations  were  either  measured  (cables)  or  estimated  (electronic 
components)  following  the  manufacturers  data  sheets  with  a good  uncertainty.  A short  loop 
performed  during  the  calibration  stage  of  the  experiment,  along  with  TWSTT  sessions  with 
both  stations  connected  to  the  same  clock,  have  shown  that  the  measured  differential  delays 
were  in  good  agreement  with  the  estimated  values,  given  the  estimated  global  uncertainty. 
One  of  the  critical  issues  is  the  calibration  of  the  ‘GPS  signal  generators’.  Examining  the 
synchronization  equations,  it  appears  that  the  1 pps  signal  group  delay  through  each  generator 
must  be  monitored.  Frequent  calibration  sessions  were  scheduled  in  all  stations  during  the 
whole  experiment.  A calibration  consi.sts  roughly  in  measuring  the  time  delay  between  the 
arrivals  into  the  NRT2  of  two  homologous  1 pps  signals:  a direct  1 pps  signal  from  the  Cesium 
clock  and  the  1 pps  Ll-C/A  signal  supplied  through  the  generator  output.  This  procedure  was 
possible  because  the  NRT2  have  proven  to  remain  quite  stable  all  over  the  experiment. 

The  results  of  the  successive  calibrations  during  the  continental  phase  are  presented  on  figure 
2.  The  calibrations  at  CNES  station  appear  more  stable  than  the  LPTF  station  measurements. 
Moreover  the  CNES  station  was  switched  off  for  a while  on  MJD  49266  (October  6):  there 
are  obviously  two  sets  of  data  before  and  after  this  MJD,  each  scattered  within  4 ns.  On 
the  contrary  the  LPTF  data  are  much  more  scattered  within  25  ns.  It  has  been  shown  by 
the  manufacturer  of  the  stations  that,  owing  to  the  components  used  for  this  experiment,  the 
signal  generator  could  exhibit  stepwise  varying  delays,  each  step  being  a multiple  of  2.44  ns. 
By  processing  in  deferred  time  the  dating  of  the  1 pps  Ll-C/A  performed  continuously  by  both 
NR106  of  each  station,  tho.se  variations  could  be  identified,  summed  and  compared  to  the  day 
to  day  calibrations  of  figure  2.  With  the  analysis  of  these  records,  some  improvements  could 
be  achieved,  but  a lot  of  di.screpencies  are  remaining,  mainly  due  to  missing  data.  This  is 
why  these  discontinuities  in  the  delays  are  disregarded.  The  average  values  of  the  calibration 
sessions  are  adopted  along  with  the  relevant  standard  deviations  as  uncertainties,  giving  for  the 
.signal  generators  delays: 

- at  TLS  (continental  phase):  mean  value  = 1007.5  ns;  standard  deviation  = 4.8  ns. 

- at  LPTF:  mean  value  = 998.5  ns;  standard  deviation  = 7.1  ns. 


A similar  behaviour  of  the  signal  generators  was  observed  during  the  transatlantic  phase  of 
the  experiment  (Figure  3).  The  generator  of  the  HBK  station,  formerly  located  at  the  LPTF, 
remained  the  most  perturbated  one,  compared  to  the  generator  of  the  KRU  station,  which 
has  never  been  switched  off  during  the  whole  experiment.  The  manufacturer  of  the  stations 
believes  that  the  generator  of  the  KRU  station  has  reached  the  best  achievable  stability,  with 
the  components  used  for  the  building  of  it.  The  average  values  of  the  calibration  sessions  were 
adopted  along  with  the  relevant  standard  deviations  as  uncertainties,  as  for  the  continental 
phase,  giving  for  the  signal  generators  delays: 

- at  TLS  (transatlantic  phase):  mean  value  = 1009.4  ns;  standard  deviation  = 6.3  ns. 

- at  HBK:  mean  value  = 986.1  ns;  standard  deviation  = 7.6  ns. 

- at  KRU:  mean  value  = 1025.8  ns;  standard  deviation  = 1.4  ns. 
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A calibration  by  transportation  of  two  GPS  receivers  was  organized  during  the  continental 
phase  of  the  experiment,  so  that  three  round-trips  were  performed  between  the  LPTF  and 
the  TLS  station.  It  has  worked  remarquably  well,  except  for  some  local  problems  too  long 
to  explain  here,  giving  the  usual  uncertainty  of  1.5  ns  (1  s)  on  the  differences  between  the 
two  time  scales.  An  other  control  of  the  results  was  possible  thanks  to  the  operational  GPS 
Common-view  link  between  the  two  stations  involved,  used  continuously  for  the  computation 
of  the  TAF  (Temps  atomique  francais’). 

No  temperature  effect  was  noticeable  on  the  sets  of  data. 


CONTINENTAL  EXPERIMENTAL  PHASE 

An  analysis  of  the  data  by  the  Modified  Allan  deviation  showed  that  white  phase  noise  is 
preponderant  on  each  15  min  session  over  a period  long  enough  to  allow  the  computation  of 
an  average  value.  The  precision  of  one  0.6  s sampled  CE-GPS  observation  is  about  9 to  10  ns, 
as  can  be  deduced  from  the  Modified  Allan  deviation.  It  could  be  compared  to  the  MITREX 
observations  that  are  ten  times  better  [6],  but  it  remains  consistent  with  the  magnitude  expected 

when  using  C/A  code  along  with  standard  discriminators  on  signals  affected  by  a measured 
C/No  of  about  40  dB(Hz). 

On  Figure  4 are  presented  the  average  values  of  the  TWSTT  15  min  sessions,  compared  to  the 
Common-view  GPS  daily  averages  between  the  GPS  time  receivers  connected  to  the  CE-GPS 
stations.  One  can  see  that  the  TWSTT  points  are  well  distributed  around  the  GPS  curve, 
even  though  they  are  scaUered.  It  appears  that  many  se.ssions  have  suffered  from  the  above 
mentionned  stepwi.se  varying  delays  compared  to  the  average  values  of  the  generators  delays. 
This  is  a logical  consequence  of  the  choice  to  use  an  average  of  the  calibration  measurements. 
The  uncertainties  of  the  generators  delays  are  obviously  the  most  degrading  part  for  the  accuracy 

of  this  experiment  of  TWSTT  through  Inmarsat.  We  propose  the  following  uncertainty  budget 
in  nanoseconds  (Is): 


Inmarsat  transponder 
Sagnac  effect 
Ionospheric  delays 
Differential  delays  (LPTF-CNES) 
UTC(LPTF)-!  pps  REF 

UTC(CNES)-!  pps  REF 

Two-way  accuracy 


0 [Global  coverage] 

0.0 

2.0  [Differential/Bent  model] 
6.2  [IppsLl-C/A  generator] 
0.5  [short  line] 

1.0  [long  line] 

6.6  [Quadratic  sum) 


Thi.s  accuracy  is  given  for  each  session  averaged  result,  and  remain  well  below  the  upper  limit 

f ^ interesting  value  compared 

to  the  MITREX  results  [6]  if  the  behaviour  of  the  generators  could  be  withdrawn  from  the 
measurements.  The  uncertainty  of  the  compari.son  between  GPS  Common-view  and  TWSTT 
can  be  estimated  in  nanoseconds  (1  s)  by: 
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TWSTT  (CE-GPS  continental)  6.6 

GPS  Common-view  [5] 3.4  [800  km  baseline] 

Uncertainty  of  the  comparison  7.5 


This  uncertainty  appears  consistent  with  the  data  plotted  on  Figure  4. 

TRANSATLANTIC  EXPERIMENTAL  PHASE 

A statistical  analysis  of  the  transatlantic  data  showed  that  a white  phase  noise  behaviour  is 
observed  as  for  L continental  phase.  Until  now,  no  GPS  Common-view  data  are  aval  able 
to  be  compared  to  the  TWSTT  results,  and  a lot  of  TWSTT  data  are  missing,  due  to  local 
Iblras  in  the  equipments.  On  figures  5.  6 and  7 are  plotted  the  TWSTT  results  on  each  hnk. 
The  regular  behaviour  of  the  two  different  types  of  atomic  clocks  used  can  yet  be  recognized 
In  a very  similar  way  as  for  the  continental  phase,  we  propose  the  following  uncertainty  budge  . 
in  nanoseconds  (1  s)  for  each  link: 

Ionospheric  delays  5.1  [average  computed  from  GPS  measurements] 

Equipment  delays  TLS  - HBK  HBK  - KRU  KRU  - TLS 
70  5.5  4.6 

1 iTCtk VI  DOS  REF  1 -0 [two^tati^ 

— ^ 6,9 


TWSTT  accuracies 


8.7 


7.6 


These  accuracies  are  near  the  upper  limit  of  the  CE-GPS  requirements  (10  ns).  One  of  the 
possible  tests  of  the  consistency  of  the  results,  along  with  a check  of  the  computation  options, 
I to  calculate  the  deviation  from  the  closure  between  the  three  stations.  For  th^  purpose 
dailv  independant  TWSTT  results  have  been  built  up,  for  two  of  the  three  TWSTT  li  , y 
interpolation  between  two  separated  measurements  sessions,  centered  on  the  date  of  the  thir 
link  Lult.  The  deviations  from  the  closure  are  plotted  on  figure  8.  Even  if  only  Points 
are  available  there  is  obviously  a bias  between  the  three  different  sets  of  data.  Again  the 
behaviour  of’ the  generators  of  the  stations  is  suspected  to  be  the  most  important  part  of  this 
bias  The  results  are  scattered  between  - 8.0  ns  and  15.3  ns.  These  values  are  consistent  wi 
le  estimated  accracies  given  above.  But  the  weak  number  of  computed  values  do  not  allow 
US  to  realize  a more  complete  statistical  analysis. 

If  one  could  consider  that  the  behaviour  of  the  1 pps  Ll-C/A  generator  in  K.RU  station 
would  be  the  regular  behaviour  of  an  operational  CE-GPS  ground  statmn,  and  ,1  the  '0"ospher,c 
delays  could  be^measured  with  a better  uncertainty,  by  using  the  IGS  post-processed  data  for 
instance,  one  could  estimate  the  following  uncertainty  budget: 


Ionospheric  delays 
Equipment  delays 
UTC(k)-l  pps  REF 
TWSTT  accuracy 


2.0 

1.5 

1.0  [two  stations] 
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This  could  be  the  best  achievable  accuracy  of  the  method,  with  similar  stations  more  than 
10,000  km  apart,  as  far  as  the  global  coverage  of  the  satellite’s  antenna  is  realized. 


CONCLUSION 

It  has  been  demonstrated  that  the  time  requirements  of  the  CE-GPS  could  be  fullfilled  with 
ground  stations  comparable  to  those  built  up  for  the  purpose  of  the  experiment  presented  in 
this  paper,  either  for  a distance  between  the  stations  inferior  to  1000  km,  or  for  stations  more 
than  10,000  km  apart.  Even  with  the  calibration  problems  related  to  the  signal  generators 
as  conceived  for  this  experiment,  the  monitoring  clock  .synchronization  could  be  done  by  the 
TWSTT  technique  through  an  Inmarsat  geostationary  .satellite,  with  C/A  gold  codes  and  GPS 
receivers,  with  an  accuracy  of  7 to  9 ns  (1  s).  The  best  achievable  accuracy  is  estimated  within 
2.7  ns  (1  s). 

The  software  for  computing  the  timing  data  from  the  pseudo— range  measurements  made  by 
the  NR106,  which  are  only  GPS  navigation  receivers,  is  nearly  completed.  It  will  allow  in  the 
future  the  computation  of  GPS  Common-view  data  the  same  way  as  in  GPS  receivers  dedicated 
to  time  measurements,  making  the  NRT2  receivers  connected  to  the  CE-GPS  stations  useless. 
Because  NR106  are  10  channels  receivers,  it  will  supply  data  for  the  restitution  of  GPS  time 
with  the  highest  number  of  GPS  satellites  available  simultaneously,  reducing  the  averaging 
period  for  a similarly  reduced  S.A.  noise. 

Beside  TWSTT,  other  techniques  are  scheduled  to  be  te.sted  with  signals  tran.smitted  by  the 
Inmarsat  transponder.  Among  others,  the  .servo-control  could  be  the  most  interesting  due  to 
its  near  real-time  time  transfer  capability.  In  this  case  however  the  synchronization  is  less 
accurate  than  the  best  achievable  with  post-processed  data. 
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[Generators  delays]  / ns 


MJD-40000 

of  the  generators  at  the  KRU  (°),  the  TLS  (+),  and  the  HBK  (A)  stations 
during  the  transatlantic  phase  of  the  experiment. 


MJD  - 40000  (19/09/93  TO  25/10/93) 

Fieure  4.  TWSTT  15  min  averaged  sessions  and  GPS  common-view  daily  averages 

(CE-GPS  continental  phase). 
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Figure  5.  TWSTT  15  min  averaged  sessions  between  TLS  and  KRU 
(CE-GPS  transatlantic  phase). 
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MJD  - 40000 

Figure  6.  TWSTT  15  min  averaged  sessions  between  TLS  and  HBK 
(CE-GPS  transatlantic  phase). 
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[Deviation  from  the  closure]  / ns  [UTC(KRU)  - UTC(HBK)  - average  value  - 27. 1 ns/d 


Figure  7.  TWSTT  15  min  averaged  sessions  between  KRU  and  HBK 
(CE-GPS  transatlantic  phase). 
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of  the  LASSO  time  transfer  between  OCA,  Grasse,  France  and 
made  Laser  Ranging  Stations  was 

alsfmmuZTd.  differences  were 

In  addition  to  the  principle  and  the  results  of  the  measurements,  the  cause  of  the  difficulties 
met  during  the  campaign  will  be  described. 


INTRODUCTION 

After  a successful  LASSO  Ranging  Campaign  by  the  two  Lunar  Laser  Ranging  (LLR)  Stations 
Umvers,ty  of  Texas  at  Me  Donald  and  Observatoire  de  la  Cote  d-Azu,  in  ofasse,  which  Zk 

haTLenZtZp'  ^ '"P  <«•  «>o  participating  stations 

The  principle  of  this  intercalibration  (Fig.  I)  is  to  nse  a common  vector  on  both  sites,  in  order 
to  deterarune  the  emission  delay  dilference.The  common  vector  is  a specially  designed  laser 
ranging  s ation,  transportable  and  able  to  be  set  up  close  to  each  telescope.  The  range  limit 
o such  a station  is  of  a few  kilometers  on  simple  ground  targets  (corner  cube). 


CONFIGURATIONS 

At  each  site  two  configurations  were  scheduled; 
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. emission  by  the  LLR  local  station  and  reception  by  both  LLR  local  station  and  calibration 
Station  (Fig.2). 

. enrission  by  the  calibration  station  and  ‘Je*can’Lriv?the 

configurations  allow  to  write  a set  ^ j „ ^ the  LASSO  calibration.  For 

sr„-fcns:zrs 

at  every  site. 

Outside  of  the  LASSO  calibration,  another  calibration  is  needed  in  the  Lasso  synchronization 
relations.  It  is  the  ranging  calibration  of  each  LLR  Station. 

This  is  routinely  su^eyed  by  the  ranging  teams  and  could  be  also  determined  from  the  two 
way  flight  time  of  the  laser  beam  of  the  calibration  station. 

CALIBRATION  TRIP 

The  calibration  started  in  April  1993  a.  L>-R  Statiom 

station  was  easy  since  a van  had  P'''^  Radio  Frequency  Interference,  probably 

LLR  telescope  was  quite  easy,  we  only  had  to  iwl^a  Radio  u q 

caused  by  the  iron  “ ,'tationm' McDonald.  The  transportation  of  the  calibration 

:.:.rrd:ntbra“  "m'-NL*  rHolot^en  by  trucL,  from  Houston  to  El  Paso  and 
finally  by  car,  from  El  Paso  to  the  Observatory. 

At  the  station  our  equipment  had  to  “P 

Zis*;lT^:a;Tatn'anI  wlTf^uch”  a^  ^ 

at  OCA. 

we  have  to  mention  here  that  we  -countered^  ptoH 
Holiday. 


CALIBRATION  SESSIONS 

Th  1 1 R nr  A station  was  designed  with  LASSO  in  mind,  therefore  outside  of  the  Radio 
• ^requenc^^^^^^^^^^  problem'  no  other  difficulties  appeared.  The  data  files  are  very 
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stable  for  successive  and  close  together  sessions,  but  not  for  day  to  day  sessions  with  a 
noise  around  150  ps  up  to  300  ps  (Fig.  4). 

• The  LLR  McDonald  station,  in  spite  of  some  difficulties  saved  the  LASSO  experiment,  as 
it  was  the  only  other  station  ready  and  in  position  to  make  LASSO  se.ssions  at  that  time. 

The  station  had  been  designed  with  only  the  goal  of  ranging  and  later  on  adapted  for  LASSO 
observations. 

Consequently  we  have  encountered  some  limitations  at  McDonald  station: 

1.  Processing  the  data  in  real  time  was  impossible,  as  a preprocessing  of  the  data  at  University 
of  Texas  at  Austin  was  absolutely  neces.sary  to  make  the  files  readable.  This  led  to 
the  impossibility  of  scheduling  any  other  session  in  case  that  .something  would  fail.  An 
example  is  that  we  could  not  discover  that  a range  gate  had  been  adjusted  in  the  wrong 
way,  rejecting  the  real  data  and  recording  the  adjacent  noise  (Fig.  5). 

2.  The  design  of  the  equipment  is  such  that  the  same  interpolator  is  used  for  both  the 
emission  and  the  reception.  Ranging  the  Moon  or  satellites  is  very  efficient  in  this  way,  as 
any  variation  in  the  interpolator  slope  cancels.  For  LASSO  the  emission  delay,  relying  on 
a single  path  in  the  interpolator,  may  and  actually  does  change  from  day  to  day  (estimated 
to  up  5 ns).  For  calibration  sessions,  ranging  on  a close  target  is  impossible,  because  the 
dead  time  of  the  interpolator  is  far  too  large  (Fig.  6).  As  the  system  is  computer  driven 
in  a synchronous  mode,  the  LLR  station  is  then  also  unable  to  record  emi.ssions  from  the 
calibration  station  (Fig.  7). 

Back  to  OCA  LLR  station  we  discovered  that  the  calibration  equipment  delay  had  changed 
during  the  trip,  most  likely  during  the  hardware  tuning  at  McDonald  .station  and  because  we 
did  not  have  a oscilloscope,  we  could  not  readjust  the  constant  fraction  discriminator  at  the 
ideal  level.  This  adds  an  uncertainty  of  1 ns.  Taking  into  account  the  previous  remarks,  the 
data  files  recorded  at  McDonald  station  have  the  same  discrepancy  than  the  ones  of  OCA.  The 
short  term  stability  is  rather  good  (1  to  3 hours)  but  the  values  drift  from  session  to  session. 

The  overall  calibration  is  computed  at  136,999  ps.  It  is  obvious  that  this  is  meaningle.ss  due  to 
the  long  term  unstability  of  a part  of  the  Lunar  Laser  Ranging  station  equipment  at  McDonald, 
which  was  not  fully  de.signed  for  LASSO  experiment. 

The  estimated  discrepancy  could  be  up  to  ±2.5  ns. 

CONCLUSION 

Cx)nsidering  what  we  have  learned  during  this  first  intercalibration  trip,  we  think  that  the 
equipment  as  it  is  designed,  could  provide  a value  with  an  accuracy  of  a few  hundreds 
picoseconds  (200  to  300  ps). 

It  has  to  be  noticed  that  the  stations  willing  to  participate  in  such  campaigns  have  to  be  designed 
for  time  tran.sfer  and  need  event  timers  reaching  at  least  the  same  accuracy. 
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With  some  changes,  such  as  fast  photodetectors,  a new  event  timer  and  new  discriminates,  the 
level  of  30  to  10  picoseconds  could  be  reached. 
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Network  Xime  Synchronization  Servers  ( ' 
at  the  U.  S.  Naval  Observatory 


R-  E.  Schmidt 
Directorate  of  Time 
Time  Scales  Division 
U.  S.  Naval  Observatory 
Washington,  DC  20392 


Abstract 

Responding  to  an  increased  demand  for  reliable,  accurate  time  on  the  Internet  and  Milnet,  the 
U.S  Naval  Observatory  Time  Service  has  established  the  network  time  servers,  tick.usno.navy.mil 
and  tock.usno.navy.mil  The  system  clocks  of  these  HP9000I7471  industrial  work  stations  are 
synchronized  to  within  a few  tens  of  microseconds  of  USNO  Master  Clock  2 using  VMEbus  IRIG-B 
interfaces.  Redundant  time  code  is  available  from  a VMEbus  GPS  receiver. 

UTC(USNO)  IS  provided  over  the  network  via  a number  of  protocols,  inculding  the  Network 
/04RP4  Network  Working  Group  Report  RFC-1305],  the  Daytime  Protocol 
IRFC-867],  and  the  Time  protocol  [RFC-868].  Access  to  USNO  network  time  services  is  presently 
open  and  unrestricted,  ^ 

An  overview  of  USNO  time  sevices  and  resuUs  of  LAN  and  WAN  time  synchronization  tests  will 
be  presented. 


In  October,  1994,  the  Internet  consisted  of  3,864,000  hosts  in  56,000  domains  over  37,022 
networks.  This  represents  a growth  rate  in  number  of  hosts  of  61%  over  12  monthsOl ' A 
number  of  networked  time  servers  are  providing  time  to  this  population  voluntarily,  using  the 
Network  Time  Protocol  (NTP)  and  other  protocols,  but  the  top  of  the  timing  pyramid  the 
inchides''^  stratum-1  servers,  is  sparsely  populated.  The  current  list  of  primary  serversfJ] 
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The  .wo  U.S.  East  servers  wi.h  atomic  clock  links  are  new  additions,  the  ^SNO  n^ork 
time  servers  tick.iisno  navy.mil  and  tock.nsno.navy.mil.  They  ate  Hewlett-Packard  HEW  / 
industrial  VME  bus  workstations.  Each  hosts  a Datum  bc635vrae  synchronize  genera  , 

!s  fed  from  a Time  Systems  Technology  Model  6460  IRIG-b  generator  receiving  5MHz  from 

USNO  Master  Clock  #2. 

Redundant  time  is  provided  by  a TrueTime  GPS-VME  board  in  one 

IRIG-b  to  a TrueTime  VME-SG  synchronized  generator  in  the  second  host.  Network  T 

Protocol  (NTP)  clock  drivers  were  written  for  these  interfaces. 

Tick  and  tock  operate  as  stratum-1  servers  of  the  NTP  network  time  protocolf31  Qients 
Ixchange  timestamp  packets  with  the  servers  to  measure  delay,  clock  offset,  and  network  and 
operating  system  dispersion.  NTP  then  corrects  the  local  sptem  clock  via  step  offsets  or 
more  commonly  by  slewing  the  UNIX  system  clock.  The  adjtime  routine  the  value  of  the  tick 
increment  to  bl’ added  to  the  kernel  time  variable  at  each  hardware  timer  mterrupt.Frequency 
and  phase  offsets  of  the  local  server  UNIX  system  clocks  from  their  synchronized  generators 
are  measured  by  NTP  at  64-second  update  intervals. 

With  this  off-the-shelf  hardware  we  keep  the  servers'  system  clocks  to  within  1(»  microse^nds 
of  UTCfUSNO)  (Other  NTP  hosts  do  better  than  this,  but  out  goal  is  to  synchronize  UNI 
lemTks  to  tolerable  levels,  wi.h  a minimum  of  effort.  NTP  clients  synchronize  to  a few 
milliseconds  of  UTC(USNO),  and  long-distance  clients  to  tens  of  milliseconds. 


TESTING  NTP  TIME  TRANSFERS 


For  the  past  six  months  we  have  synchronized  to  our  servers  a number  of  local  hosts  and  one 
distant  source,  an  HP9000/425t  located  at  the  Naval  Observatory  Time  Substation  near  Miami, 
FLTo  converse  with  the  latter  system  from  Washington,  we  must 

seven  intervening  NASA  sites.  Pings  take  from  100  to  3400  ms,  depending  n the  level  of  ne 
traffic.  Yet  we  are  able  to  do  quite  satisfactory  system  time  synchronization,  as  t e gure 

demonstrate. 

One  measure  of  the  success  of  network  time  synchronization  is  TDEV,  the 

measure”  as  described  by  D.  W.  Allan  et.  al.  at  the  1994  Frequency  Control  Symposiumf 


= [1/6  < >]2  (^) 

In  the  following  “sigma-tau”  diagrams,  one  is  able  to  distinguish  types  of  noise,  decorrelation 
timescales,  and  even  diurnal  modulation  of  workstation  crystal  clocksisi. 
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clients.  ISDN  promises  further  potendal  fo“re:  urnrur  rsNoX'^b' 
m time  synchronization  via  ISDN  in  1995.  ^ ^ active 

NETWORK  TIME  SERVICES 

UTC(USNO)  is  provided  over  the  network  via  a number  of  protocols. 

1.  RFC-1305  NETWORK  TIME  PROTOCOL 

The  USNO  time  servers  are  stratum  1 servers  for  the  Network  Time 
Protocol  (NTP)  [DARPA  Network  Working  Group  Report  RFC-1305], 

2.  TELNET  ASCII  TIME 

The  U.S.  Naval  Observatory  Master  Clock  is  accessible  in  low-precision 

wUl'^DinT  If  'The  time  server 

th  ^ estimate  the  network  path  delay.  It  will 

hen  send  Modified  Julian  Date,  Day  of  Year,  and  UTC  time  as  ASCII 
^ rings  followed  by  an  on-time  mark  (*)  which  will  be  advanced  by  the 
timated  network  delay.  The  uncertainty  in  the  network  delay  estimate 

millile^nds.'  "^’'l^s^eonds,  but  is  typically  good  to  a fL  tens  of 

3.  RFC  868  TIME  PROTOCOL 

The  “time”  protocol  [RFC-868]  is  supported  on  TCP  and  UDP  port 

^ number,  in  network  byte  orLr, 

“ H t >>"  ^ number  of  seconds  of  time  .since  1 Jan.  1900  UT  The 

rdate  program  uses  TCP  port  37  and  is  supported  on  our  servers. 

4.  RFC  867  DAYTIME  PROTOCOL 

IX  protocol  is  supported  only  on  UDP  port  13  The 

abwe'."’’'  "^y  Protocol 
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A STRUCTURED,  EXPANDABLE  APPROACH 


David  F.  Wright 
Radiocode  Clocks  Ltd, 
Kernick  Road 
Penryn 

Cornwall,  TRIO  9LY. 
United  Kingdom. 


Abstract 

Radiocode  Clocks  Ltd.  have  developed  a Jitrnkey  Time  and  Frequency  Generation  and  Dis- 
^ribuUon  System  strategy  based  upon  a bus  of  three,  “core”  signals  from  whUh  any  Time  code, 
Pulse  rate  or  Frequency  can  be  produced.  The  heart  of  the  system  is  a ruggedized  19  inch,  3V 
Smgle  Eurocard  chassis  constructed  from  machined  10mm  aluminum  alloy  plate  and  designed 
o meet  stnngent  Military,  Security  and  Telecommunications  spec^cations.  The  chassis  is  fitted 
wah  an  advanced  niultilayer  backplane  wUh  separate  ground  planes  for  analog  and  digUal  signals 

puL""rL"mS“f references  in  the  proximUy  of  high  speed  digUal 
The  system  has  been  designed  to  be  used  in  three  possibU  configurations: 

a)  4s  a stand  alone  generation  and  distribution  instrument. 

b)  As  a primary  distribution  unit  in  a turnkey  Time  and  Frequency  system. 

c)  As  a secondary  distribution  unit  at  a remote  location  from  the  Thmkey  Time  and  Frequency 
System  providing  regeneration  of  core  signals  and  correction  for  transmission  delays. 

When  configured  as  a secondary  distribution  unU  the  system  wiU  continue  to  provide  usable 
outputs  when  one,  two  or  even  aU  three  of  the  “core"  signals  are  lost. 

* Piacemenf  wUhin  a system  as  a possibU  singU  point  of  system  failure  has 

di^^  t 0/  very  high  reliability  translator,  synthesizer,  phase  locked  loop  and 

distribution  moduUs  together  with  a comprehensive  alarm  and  monitoring  strategy 


INTRODUCTION 

I*;."  Time  and  Frequency  have  grown  substantially  in 

recent  years,  not  just  in  the  number  of  projects  but  also  in  their  complexity.  An  increa^ng 
umber  of  users  are  specifying  redundancy,  high  reliability,  expandability  and  a plethora  of 
ime  code.  Pulse  rate  and  Reference  frequency  outputs  in  their  systems.  In  dual  or  triple 
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redundant  configurations  the  switching,  monitoring  and  alarm  of  such  a rnyr 

of  signals  can  become  technically  complex,  commercially  expensive  and,  in  many  cases,  can 
reduce  system  availability.  This,  coupled  with  the  tightening 

regard  to  electromagnetic  compatibility,  electrical  safety  and  product  quality,  has  lead  to 
development  of  a new  strategy  for  Time  and  Frequency  distribution. 

SYSTEM  ARCHITECTURE 

Traditionally  when  designing  a turnkey  distribution  system,  two  or  three  master  clocks,  frequency 
Standards  or’ time  code  generators  are  fitted  with  one  of  each  required  system  output.  In  some 
complex  cases  an  atomic  frequency  standard  will  provide  a stable 

of  low  noise  quartz  oscillators  via  individual  frequency  or  phase  locked  ^ 

then  produce  one  of  each  of  the  required  frequency  outputs  which  are  fault  detected  an 
lwi"che7to  a frequency  distribution  unit,  while  a GPS  or  Off-a  r master  clock  synchron  zes 
two  or  three  limeade  generators,  each  of  which  produces  one  of  every  required  time  or  time 
Tei^al  output.  These  in  turn,  are  majority  voted,  fault  detected  and  switched  to  a timing 

buffer  or  distribution  unit. 

The  addition  of  features  such  as  secondary  power  supplies,  alarms  and  output  monitoring 
quickly  make  the  system  difficult  to  use,  very  inflexible,  costly  to  manufacture  and  suppor  an 
inefficient  in  terms  of  spares  ranging. 

Our  solution  to  these  problem  has  been  to  reduce  the  number  of  switched  signals  to  an  absolute 
mlni^mTnd  to  use^ese  -core”  signals  as  references  with  which  to  generate 
system  outputs  Using  conventional  copper  or  liber  optic  technology  the  minimum  core  sign 
1 Pulse  per  second  (1  PPS)  epoch  marker,  a lOMHz  reference  frequency  and 

a proprietary  format  RS422  time  message. 

These  “core”  signals  are  generated  by  one  or  more  Time  and  Frequency  Standards  such  as  GPS 
T offX  recXrs,  free  running  atomic  or  quartz  clocks  or  a combination  of  the  above.  The 
“L?e"  stnaTpTus  ;iarm  and  status  signals  from  the  master  time  and  frequency  source  are  ed 

to  an  intdligem  monitor  and  changeover  unit  which  will  fault  ‘‘^“Xernd^W  ^Is 
between  sources.  This  unit  also  acts  as  a system  alarm  manager.  The  selected  core  sign 
are  then  fed  to  a high  reliability,  modular  distribution  chassis  based  upon  a single  Eurocard 
format  and  fitted  with  dual  power  supplies,  an  alarm  management  module,  an  input/expansion 
moTL  and  a backplane  accommodating  the  “core”  signals,  power  lines,  alarm  signals  and 

inter-module  control  signals. 

Because  there  are  also  smaller  applications,  where  a single  distribution  chassis  is 
Ld  he  use  of  an  external  source  of  time  and  frequency  is  not  always  necessary  a range  o 

“^re”  signal  generation  modules,  which  could  obtain  time  from  :rw^ 

been  developed  for  the  distribution  system.  These  modules  now  include  GPS,  Loran,  WWVB, 
MSF  and  DCF  receivers,  together  with  free-running  master  time  and  frequency  sources. 

Historically  the  distribution  of  low  noise  frequencies  and  digital  signals  has  been  undertaken 
ina  two^senarate  chassis  As  this  approach  was  considered  cumbersome,  a single  chassis 
architecture  was  developed  for  the  distribution  of  all  time  and  frequency  signals  while  maintaining 
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the  quality  of  the  outputs.  This  has  been  achieved  by  developing  an  advanced  multilayer 
backplane  with  high  isolation  and  separate  ground  planes  for  analog  and  digital  signals  allowing 
high  speed  pulse  trains  and  low-noise  frequencies  to  be  processed  in  close  proximity  without 
any  significant  degradation  in  signal  quality. 

High  reliability  modules  have  also  been  developed  which  accept  the  required  signals  from  the 
backplane  and  translate,  .synthesize  and  distribute  virtually  any  Time  and  Frequency  signal. 
Most  modules  are  4E  wide  and  provide  five  isolated  outputs  of  each  signal.  The  Input  module 
has  been  developed  to  provide  expansion  outputs  of  the  “core”  signals  .so  that  when  the  chassis 
is  fully  populated,  additional  modules  can  be  added  by  .simple  connection  of  further  chassis 
allowing  virtually  infinite  expansion  capabilities  without  having  to  modify  or  reconfigure  all  the 
instruments  in  the  sy.stem. 

Another  important  design  consideration  was  the  provision  of  high  stability,  very  low  noise 
reference  frequencies  within  the  distribution  sy.stem.  Good  long  and  medium  term  stability 
can  be  achieved  by  using  a Cesium  standard  or  GPS-disciplined  Rubidium  atomic  oscillator 
but  typical  specification  requirements  of  1 x over  24  hours,  1 x 1Q-"  over  1 second,  and 
phase  noise  below  110  dBc/Hz  at  1 Hz  offset  from  carrier  could  only  be  achieved  by  the  use 
of  a high  quality  ovenized  quartz  o.scillator  pha.se  locked  to  the  “core”  10  MHz  .signal. 

Our  standard  PLL  module  uses  a number  of  novel  techniques  to  implement  the  well  proven 
second  order  phase  locked  loop  that  has  the  required  characteristics.  In  the  short  term,  up  to 
some  tens  of  .seconds,  the  phase  locked  loop’s  ovenized  oscillator  frequency  can  be  more  stable 
than  the  core  signal;  for  this  reason  the  phase  locked  loop  is  designed  to  have  a time  constant 
of  about  one  minute.  For  longer  time  periods  the  loop  holds  the  oscillator  in  phase  with  the 
lOMHz  reference.  Time  constants  of  that  order  can  be  realized  using  analog  techniques  but 
when  the  requirement  for  “holdover”  operation  on  loss  of  reference  is  considered  the  u.se  of 
digital  control  becomes  mandatory.  A microprocessor  controlled  loop  provides  .sophisticated 
solutions  for  all  of  the  control  problems  but  has  inferior  reliability  performance.  Worse  still, 
the  proce.ssor  generates  a broad  spectrum  of  noi.se  signals  which  are  unwelcome  in  a module 
who.se  primary  purpose  is  to  provide  high  quality,  low  noise  analog  signal  outputs. 

The  .solution  we  have  developed  for  this  .system  is  part  analog,  part  digital  proportional  and 
integral  TOntrol.  The  control  loop  error  signal  is  formed  by  direct  phase  comparison  of  the 
lOMHz  “core”  signal  and  the  local  ovenized  oscillator  in  a circuit  which  is  effective  over  more 
than  320  degrees  of  phase,  almost  a whole  cycle  at  lOMHz.  The  magnitude  of  the  phase 
diflTerence  provides  the  control  signal  for  a low  frequency  voltage  controlled  oscillator  which 
clocks  a 16  bit  up/down  counter.  The  sign  of  the  phase  difference  determines  the  count 
direction.  The  counter  outputs  connect  to  a 16  bit  DAC  which  provides  the  integral  part  of 
the  loop  control  signal.  When  the  phase  difference  has  been  driven  to  zero  in  a steady  state 

condition  the  up/down  counter  ceases  to  be  clocked  and  no  other  clock  signals  are  active  in 
the  control  system. 

The  integrator  can  set  the  ovenized  oscillator  control  voltage  anywhere  in  it’s  entire  range  but 
the  largest  proportional  control  contribution  required  has  only  a fraction  of  the  value  of  the 
control  range.  This  signal  is  a fraction  of  the  loop  error  signal  already  derived  from  the  phase 
detector;  it  is  fed  through  an  analog  switch  and  summed  with  the  signal  from  the  DAC  to  form 
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the  ovenized  oscillator  control  voltage. 

The  proportional  control  is  immediately  active  at  a low  level  in  response  to  a loop  error;  the 
integral  control  works  to  drive  the  phase  to  zero  in  the  longer  term.  If  the  “core”  lOMHz 
reference  is  lost  then  the  integrator  has  the  correct  value  to  hold  the  oscillator  at  the  last  best 
control  value  indefinitely.  The  digital  parts  of  the  circuit  fit  readily  into  programmable  logic 
and  the  controller  adds  no  clock  noise  to  the  OCXO  output. 

Development  of  the  Low  Noise  Phase  Locked  Loop  Oscillator  Module  has  provided  us  with  a 
new  time  and  frequency  distribution  sub-system,  the  TFD8000.  This  is  now  considered  not  only 
a product  but  a new  strategy  providing  a structured,  expandable  approach  to  turnkey  system 
design  which  has  already  proved  cost-effective,  reliable  and  easy  to  maintain  in  applications 
within  the  Defense,  Security  and  Telecommunications  Industries. 
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PHASE  - LOCKED  LOOP  MODULE 


TRADmONALTIME  & FREQUENCY  SYSTEM 


MODERN  TIME  H FREOIIENCY  SYSTEM 
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FRONT  PANEL  TYPICAL  SYSTEM  CONFIGURATION 


REAR  PANEL  TYPICAL  SYSTEM  CONFIGURATION 


TYPICAL  BACKPLANE  CONFIGURATION 
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High  Resolution  Time  Interval  Counter 

Victor  S.  Zhang,  Dick  D.  Davis,  Michael  A.  Lombardi 
Time  and  Frequency  Division 
National  Institute  of  Standards  & Technology 
325  Broadway,  Boulder,  CO  80303 


Abstract 

In  recent  years,  we  have  developed  two  types  of  high  resolution,  multi-channel  time  interval 
counters.  In  the  NIST  two-way  time  transfer  MODEM  application,  the  counter  is  designed  for 
operating  primarily  in  the  interrupt-driven  mode,  with  3 start  channels  and  3 stop  channels.  The 
intended  start  and  stop  signals  are  1 PPS,  although  other  frequencies  can  also  be  applied  to  start 
and  stop  the  count.  The  time  interval  counters  used  in  the  NIST  Frequency  Measurement  and 
Analysis  System  are  implemented  with  1 start  channels  and  1 stop  channels.  Four  of  the  1 start 
channels  are  devoted  to  the  frequencies  of  I MHZy  5 MHz  or  10  MHZf  while  triggering  signals  to 
all  other  start  and  stop  channels  can  range  from  I PPS  to  100  kHz-  Time  interval  interpolation 
plays  a key  role  in  achieving  the  high  resolution  time  interval  measurements  for  both  counters. 
With  a 10  MHz  time  base,  both  counters  demonstrate  a single-shot  resolution  of  better  than  40 
ps,  and  a stability  of  better  than  5 x 10  (axCr)  after  self  test  of  1000  seconds).  The  maximum 
rate  of  time  interval  measurements  (with  no  dead  time)  is  I.O  kHz  for  the  counter  used  in  the 
MODEM  application  and  is  2,0  kHz  for  the  counter  used  in  the  Frequency  Measurement  and 
Analysis  System.  The  counters  are  implemented  as  plug-in  units  for  an  AT-compatible  personal 
computer.  This  configuration  provides  an  efficient  way  of  using  a computer  not  only  to  control  and 
operate  the  counters,  but  also  to  store  and  process  measured  data. 


Introduction 

Time  interval  measurements  are  essential  not  only  to  the  analysis  of  a time  scale  or  a frequency 
standard,  but  also  to  the  synchronization  of  time  scales  at  remote  locations.  Many  of  these 
measurements  require  a time  interval  counter  with  better  than  100  ps  resolution.  The  technology 
advancement  in  electronics  and  in  personal  computers  makes  it  possible  to  have  such  high 
resolution  time  interval  counters  at  fairly  low  costs. 

Two  types  of  high  resolution,  multi-channel  time  interval  counters  have  been  developed  at 
NIST  in  recent  years.  One  of  them  is  used  in  the  NIST  spread  spectrum  two-way  time  transfer 
MODEMfO  (MODEM  counter);  the  other  one  operates  in  the  NIST  Frequency  Measurement 
and  Analysis  System f^l  (FMAS  counter).  Both  counters  are  designed  to  make  time  interval 
measurements  on  more  than  one  pair  of  start/stop  signals  input  from  different  channels.  The 
measurements  are  taken  at  rates  ranging  from  1 Hz  to  a maximum  of  100  kHz.  Instead  of 
having  a microprocessor  for  each  counter,  the  counters  are  implemented  as  plug-in  units  for  an 
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AT-compatible  personal  computer.  The  counters  are  controlled  by  software.  This  configuration 
provides  an  efficient  way  of  using  a computer  not  only  to  control  and  operate  the  counters, 
but  also  to  process  and  store  data.  Although  the  two  counters  are  designed  for  a specific 
application,  the  software  can  be  easily  re-programmed  so  that  the  counters  can  perform  as  a 
universal  time  interval  counter,  or  for  customized  applications.  To  obtain  accurate  and  stable 
measurements,  a stable  referencefrequency  of  either  1 MHz,  5 MHz  or  10  MHz  is  required  for 
both  counters.  The  estimated  cost  of  parts  for  either  a MODEM  counter  or  a FMAS  counter 

is  around  $500. 

The  MODEM  counter  and  the  FMAS  counter  are  different  in  some  respects;  the  FMAS  counter 
offers  more  capability  in  terms  of  simultaneous  time  interval  measurements.  However,  they 
have  one  thing  in  common.  Both  use  time  interval  interpolation  to  achieve  the  high  resolutwn 
time  interval  measurements.  This  paper  presents  a discussion  of  the  time  interval  interpolation 
technique,  and  a description  of  each  counter’s  operation  and  performance. 


Time  Interval  Interpolation 

Every  digital  time  interval  counter  uses  an  oscillator  (counter  clock)  to  provide  a time  base  for 
the  time  interval  measurement.  The  time  interval  between  start-count  and  stop-count  signals 
At.  is  measured  by  the  counter  as  an  integer  multiple  of  the  time  base  period;  that  is. 


At  = NT,  (^) 

where  N is  the  number  of  clock  periods  recorded  by  the  digital  counter  in  the  interval  and  T is 
the  period  of  the  counter  clock  or  the  time  base  of  the  time  interval  measurement.  In  general, 
NT  is  only  an  approximation  (the  main  portion)  of  At,  because  the  start-count  and  stop-count 
signals  are  not  in  phase  with  the  counter  clock,  as  illustrated  in  Figure  1.  Because  both  6tu  dh 
are  less  than  T,  they  can  not  be  measured  directly  by  the  digital  counter.  Therefore,  the 
resolution  of  the  digital  counter  measurement  is  dictated  by  the  frequency  of  the  time  base.  The 
resolution  can  be  improved  by  increasing  the  frequency  f = in'  of  the  counter  clock.  However, 
this  approach  puts  greater  demands  on  the  electronic  devices  and  makes  implementation  more 

difficult. 

Both  the  MODEM  counter  and  the  FMAS  counter  estimate  the  time  intervals  6tu  St.2  to  achieve 
the  high  resolution  time  interval  measurement.  The  estimations  of  6tu  6I2  are  accomplished 
by  two  interpolators.  The  interpolator  scales  Sh  or  St2  into  a magnified  time  interval  and  then 
estimates  the  interval  with  the  time  base  T. 

A block  diagram  of  a simplified  start-<x)unt  interpolator  is  depicted  in  Figure  2.  The  interpolator 
consists  of  two  integrators,  a delay  cell,  a voltage  comparator,  and  a digital  counter  Boffi 
integrators  are  charged  with  a constant  current  /ref-  The  delay  cell  introduces  a delay  » 

where  T = 100  ns  and  6t\  < 100  ns  for  the  10  MHz  time  base  used  in  the  counters.  The 
function  of  the  integrators  and  the  delay  cell  is  to  scale  Sh  into  a larger  time  interval.  The 
digital  counter,  together  with  the  10  MHz  time  base,  is  used  to  estimate  the  scaled  6t^.  The 
arrival  of  the  start-count  signal  turns  on  the  charging  current  /ref  to  Integrator  A.  At  this 
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time,  the  digital  counter  begins  to  count  the  periods  of  the  10  MHz  time  base.  Integrator  A is 
charged  in  the  period  of  6ti  + T and  the  charging  current  /ref  is  then  .switched  to  Integrator 
B.  The  voltage  Un  developed  on  Integrator  A is  held  as  a reference  voltage  for  the  comparator 
during  the  course  of  Integrator  B being  charged.  When  Vb  > I/«,  the  comparator  blocks  the 
connection  between  the  10  MHz  clock  and  the  digital  counter.  Figure  3 shows  a timing  diagram 
of  the  start-count  interpolator,  where  and  Cb{Ca  < Cb)  are  the  ramping  capacitances  used 
in  ntegrator  A and  Integrator  B,  and  K = (Ca/Cb)  is  the  scaling  factor  of  the  interpolator. 

Because  the  10  MHz  time  base  is  connected  to  the  digital  counter  during  the  magnified  time 
interval 


K ■(6ti+T)  = K-T  + K ■ , (2) 

the  number  of  10  MHz  pulses  recorded  by  the  digital  counter  during  that  interval  Nst  is 
linearly  proportional  to  the  time  interval  of  6t,.  The  relationship  between  6t,  and  can’ be 
expressed  by  the  linear  equation 


6l\  — A ■ Nst  + B , (3) 

where  the  slope  A and  the  intercept  B are  determined  through  the  interpolator  calibration. 
During  the  calibration,  the  minimum  N^t  and  the  maximum  A*,  are  obtained  by  slewing  the 
phase  of  a test  signal  with  respect  to  the  10  MHz  time  base  to  simulate  the  diflFerent  values  of 
Sti.  Because  the  minimum  N^t  corresponds  to  5/,  = 0 and  the  maximum  A*,  corresponds  to 
6ti  =T,  the  slope  and  intercept  of  the  interpolation  are 

A = ^ B = niin[A,,]  ■ T 

maxfA^f]  — min[A*t]  ’ maxfA^J  — min[Aaj]  ’ ' ^ 

Therefore, 


61, 


— A ■ N si  S — 


Nst  - min[A^j:] 
max[As<]  - ininfA^t 


This  result  is  illustrated  in  Figure  4.  Because 


(5) 


Cb 

= (—  + 1)  = max[A,,]  - min[Ast]  , (6) 

the  resolution  of  the  interpolation  is  given  by  T/K.  With  T = 100  ns,  Ca  = 150  pF,  Cb  = 0.47 
//F  the  resolution  is 


T 


100  X 10“*’ 


= 32  X 10-’2 


(7) 
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The  function  of  the  stop-count  interpolator  is  the  same  as  that  of  the  start-count  interpolator 
It  is  applied  to  estimat^e  the  interval  of  T - Because  of  this,  the  mam  digital  counter 
takes  one  more  10  MHz  pulse  after  the  arrival  of  stop-count  signal.  By  combining  the  main 
digital  counter  measurement  NT  and  measurements  of  the  two  interpolators  together,  the  time 
interval  counter  presents  the  measurement  as 


A/.  = NT  + 


N.tT 


NspT 


max[A^^/]  — niin[Nif]  max  min[A^A;p] 


(8) 


where  is  the  digital  counter  measurement  of  the  stop-count  interpolator. 

The  time  interval  intetpolation  has  a side-effect  of  reducing  the  maximum  sample  rate  of  the 
time  interval  measurements.  Assume  that  both  start-count  and  sto|>cot.nt  tnterpolatom  have 
the  same  scaling  factor  so  that  maxllV.I  = maxliV.,|  = maxliV.,].  Because  tt  takes  max|IV.  ^r 
to  complete  an  interpolation,  the  time  interval  measurements  can  be  made  only  at  a 
< l/(max[iV*]  -T)  in  order  to  avoid  dead  time. 

The  MODEM  time  interval  counter 

The  NIST  spread  spectrum  two-way  time  transfer  MODEM  is  developed  for  synchronizing 
remote  tiracicales  through  geostationary  satellites.  The  accuracy  of  the  two-way  time  transfer 
is  expected  to  achieve  sub-nanoseconds.  This  req.iires  a high  resolution  time  mtereal  counte 
for  the  measurements.  The  MODEM  counter  is  designed  with  two  functions,  and  it  is  installec 
in  an  AT-compatible  personal  computer.  The  interface  of  the  MODEM  counter  is  used  to 
link  the  transmit  (TX)  and  receive  (RX)  of  the  MODEM  to  the  ^mputer  which  controls 
the  operation  of  the  MODEM  and  the  counter.  The  time  interval  counter  portion  of 
MODEM  counter  is  configured  to  measure  the  1 PPS  from  TX,  RX,  and  local  time  scale.  The 
characteristics  of  the  MODEM  counter  are  similar  to  that  of  the  FMAS  counter  in  ° 

the  time  interval  measurement,  e,xcept  that  the  MODEM  counter  has  only  three  input  channels 

and  a ma.ximum  sample  rate  of  1.0  kHz. 

The  FMAS  time  interval  counter 

The  Frequency  Measurement  and  Analysis  System  (FMAS)  is  a new  frequency  calibration  and 
characterization  tool  developed  at  NIST  in  the  past  year.  It  is  designed  to  be  used  at  calibration 
laboratories  or  other  institutions  to  perforni  on-site  high-level  frequency  calibrations  traceable 
toNIST  All  the  frequency  measurements  are  made  by  the  FMAS  counter  in  terms  of  the 
phase  differences  between  the  oscillators  being  calibrated  and  their  corresponding  reference 
frequency  sourcel^l  . Table  1 lists  the  FMAS  specifications  which 
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Table  1. 

Number  of  measurement  channels 

5 

Input  frequencies  accepted  by  .sy.stem: 

Start-count  channel  (with  Frequency  Divider) 
Other  Start— count  channel  and  Stop-count  channel 

1,  5,  and  10  MHz 
< 100  kHz 

Primary  Oscillator  Frequency 

1,  5,  10  MHz 

Single  Shot  Measurement  Re.solution 

< 40  ps 

are  relevant  to  the  FMAS  counter.  A block  diagram  of  the  simplihed  FMAS  counter  in  a 
typical  FMAS  application  is  given  in  Figure  5. 

The  FMAS  counter  offers  7 start-count  channels  and  7 stop— count  channels  for  connection  to 
the  secondary  oscillators.  Four  of  the  7 start-count  channels  are  designed  for  oscillators  with 
1,  5,  or  10  MHz  output  frequencies.  A frequency  divider  is  used  on  each  of  the.se  4 channels 
to  divide  the  1,  5,  10  MHz  input  down  to  1,  5,  or  10  kHz.  The  time  interval  measurement 
can  be  started  with  any  of  the  start-count  channels  and  stopped  with  any  of  the  stop-count 
channels  by  the  control  of  start-count  channel  select  and  stop-count  channel  select.  The  time 
interval  between  the  start-count  and  stop-count  signals  is  measured  by  the  main  counter  and 
the  two  interpolators  with  a 10  MHz  time  base.  The  10  MHz  time  base  VCXO  is  locked  to 
a primary  oscillator  of  1,  5,  10  MHz.  Because  it  takes  approximately  0.4  ms  for  the  FMAS 
counter’s  interpolators  to  complete  a time  interval  interpolation,  the  FMAS  counter  is  able  to 
make  the  time  interval  measurements  of  a single  pair  of  start-count  and  stop-anmt  signals 
at  the  rate  of  2.0  kHz  with  no  dead  time.  The  maximum  time  interval  of  the  main  counter 
is  about  429  s.  Besides  resolution,  stability  is  another  important  characteristic  of  the  counter. 
Figure  6 and  Figure  7 show  a typical  result  of  the  FMAS  counter  stability  through  self  test 
measurements.  Resolution  of  the  time  interval  measurement  should  not  be  confused  with  the 
absolute  accuracy  of  the  time  interval  measurement.  The  accuracy  of  a time  interval  counter 
is  influenced  by  many  factors  including  the  re.solution.  Our  test  results  have  shown  both  the 
MODEM  counter  and  the  FMAS  counter  have  an  accuracy  estimated  to  be  in  the  range  of 
200  ps  to  300  ps,  when  used  with  a high  quality  primary  o.scillator. 

According  to  the  FMAS  specification,  the  counter  is  configured  to  provide  up  to  5 of  the  7 
start-count  channels  for  the  secondary  oscillators.  The  phase  of  a 1,  5,  10  MHz  input  signal 
can  be  shifted  by  integer  multiples  of  10  fis  with  respect  to  the  time  base.  The  phases  of  all 
the  .secondary  o.scillators  can  also  be  shifted  with  respect  to  the  phase  of  the  time  base  by 
multiples  of  100  ns.  The  phase  shift  is  necessary  in  order  to  avoid  the  underflow  or  overflow 
measurements  caused  by  the  fast  drift  of  the  secondary  oscillator.  One  of  the  direct  (without 
the  divider)  start-count  channels  and  one  of  the  stop-count  channels  are  connected  to  the  500 
kHz  output  of  the  10  MHz  time  base  for  the  diagnostic  purposes.  Because  all  the  secondary 
oscillators  are  calibrated  with  respect  to  the  primary  oscillator,  and  because  the  10  MHz  time 
ba.se  is  locked  on  the  primary  oscillator,  all  the  time  interval  measurements  are  stopped  by  the 
10  kHz  signal  derived  from  the  10  MHz  time  ba.se.  The  counter’s  operation  and  measurements 
are  fully  controlled  by  the  FMAS  software.  Up  to  5 secondary  oscillators  can  be  calibrated 
simultaneously. 
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Summary 

Time  interval  measurement  is  critical  in  the  field  of  time  and  frequency  standards.  By  combining 
today’s  technologies  in  electronics  and  personal  computers,  we  have  developed  two  types  of  high 
resolution  time  interval  counter  at  low  cost.  Both  counters  have  demonstrated  a sufficiently 
high  stability  performance.  Although  the  counters  are  designed  for  their  specific  applications, 
they  can  be  readily  to  be  modified  for  other  applications. 
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Figure  2.  Block  diagram  of  start-count  interpolator 
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Figure  3.  Timing  diagram  of  start-count  interpolator 


Figure  4.  Time  interval  interpolation 
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Figure  5.  Block  diagram  of  FMAS  counter 
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Figure  6.  FMAS  counter  self  test  measurements 


FMAS  counter  (SN02)  self  test 

(l  PPS  through  cooxiat  coble) 


Sqo  101  ^ 102  io3  10^ 

Too.  seconds 


Figure  7.  Ojj(t)  of  FMAS  counter  self  test 
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Abstract 

This  paper  documents  an  investigation  into  reports  which  have  indicated  that  exposure  to  VHF 
and  JJHF  band  radiation  has  adverse  effects  on  the  frequency  stability  of  HP  cesium  beam  frequency 
standards.  Tests  carried  out  on  the  basis  of  these  reports  show  that  sources  of  VHF  and  VHF 
radiation  such  as  two-way  hand  held  police  communications  devices  do  cause  reproducible  adverse 
effects.  This  investigation  examines  reproducible  effects  and  explores  possible  causes. 


I.  INTRODUCTION 

The  need  for  a reliable  frequency  standard  is  common  for  both  Department  of  Defense  and 
industrial  applications.  The  Hewlett-Packard  5061A  and  5061B  Cesium  Beam  Frequency 
Standards  have  widespread  use  fulfilling  the  need  for  these  frequency  standards. 

The  DoD  Timing  Operations  Division  of  the  U.S.  Naval  Observatory  (USNO)  undertakes  the 
delivery  and  installation  of  cesium  beam  frequency  standards  on  select  Navy  vessels.  During 
some  of  these  installations,  the  installed  clock  was  observed  to  jump  unexpectedly.  On  occasion, 
the  alarm  lamp  would  illuminate.  After  searching  for  a possible  cause  for  these  events,  it  was 
noted  that  these  fluctuations  could  be  correlated  with  instances  where  personnel  had  used  hand 
held  transceivers  in  the  proximity  of  the  clock.  The  suspicion  that  electromagnetic  radiation  may 
be  responsible  for  a change  in  the  performance  of  the  Hewlett-Packard  frequency  standards 
led  to  the  decision  to  embark  upon  a more  thorough  investigation  of  this  phenomenon. 


II.  PRIMARY  EFFECTS  OF  VHF  AND  UHF  BAND  RADIA- 
TION 

The  first  task  undertaken  in  the  course  of  this  research  was  to  ascertain  if  radio  frequency  (RF) 
radiation  had  a noticeable  and  reproducible  effect  on  the  frequency  stability  of  the  HP  cesium 
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beam  frequency  standards.  Since  the  hand  held  tranceivers  were  the  suspected  interfering 
devices,  an  experiment  was  formulated  to  imitate  this  situation. 

In  order  to  evaluate  the  effect  on  frequency  stability,  it  was  desired  to  .see  how  the  time  interval 
between  the  clock  and  a known  stable  reference  varied  when  RF  radiation  was  introduced.  An 
HP  5061 B was  obtained  and  placed  in  the  test  configuration  shown  in  Figure  1.  The  5 MHz 
output  of  this  clock  was  compared  with  a 5 MHz  signal  derived  from  the  USNO  Master  Clock 
(USNO  MC).  The  time  interval  between  these  two  signals  was  measured  with  an  HP  5370B 
time  interval  counter  (which  utilized  a reference  frequency  also  derived  from  the  USNO  MC) 
and  recorded  on  a desktop  computer.  This  test  setup  is  shown  in  Figure  3. 

A two  watt  hand  held  UHF  radio,  operating  on  a frequency  of  462.575  MHZ,  was  obtained. 
This  radio  is  of  the  type  often  used  for  job  site  communication.  After  obtaining  the  natural  rate 
of  the  clock,  the  UHF  radio  was  placed  five  feet  from  the  front  of  the  clock  and  keyed.  The 
time  interval  between  the  clock  under  examination  and  the  USNO  MC  was  recorded  several 
times  per  second  by  the  data  acquisition  system  (DAS).  The  collected  time  interval  data  clearly 
showed  that  the  rate  of  the  clock  accelerated  dramatically  from  the  normal  rate  when  the  UHF 
radiation  was  applied,  and  returned  to  its  normal  rate  after  the  radiation  ceased.  This  response 
of  the  5061 B is  shown  in  Figure  2.  The  time  offset  that  had  been  acquired  while  the  RF 
was  present  remained.  Repeated  tests  of  varying  lengths  were  conducted  and  produced  similar 

results. 

In  order  to  ensure  that  the  data  collected  was  indicative  of  the  effect  of  the  RF  on  the  clock, 
not  on  the  counter,  the  effect  of  the  RF  energy  on  the  counter’s  measurements  had  to  be 
recorded.  The  start  and  stop  inputs  to  the  counter  were  fed  with  different  lengths  of  cable 
connected  to  the  USNO  derived  5 MHz  source.  The  different  lengths  of  cable  provided  a 
stable,  fixed  time  interval  (TI)  to  measure.  The  TI  data  output  of  the  counter  was  recorded  for 
five  minutes  to  record  any  natural  fluctuations.  Then  the  UHF  radio  was  placed  in  contact  with 
the  counter  and  keyed  as  the  computer  continued  to  record  the  time  interval  measurements. 
After  ten  minutes,  the  radio  was  turned  off  and  the  counter  was  observed  for  five  more  minutes. 
Fluctuations  in  the  TI  data  were  seen  while  the  RF  was  present,  but  they  were  well  below  the 
levels  of  fluctuation  seen  when  recording  the  time  interval  between  the  clock  and  the  reference 
frequency.  The  counter  did  not  acquire  a permanent  offset  from  the  Master  Clock  as  the  HP 
frequency  standard  had.  In  order  to  minimize  the  effect  of  the  RF  on  the  accuracy  of  the 
counter’s  measurements,  precautions  were  taken  to  keep  the  counter  on  a grounded  surface 
at  least  ten  feet  away  from  the  radiation  .source  and  shielded  from  direct  RF  exposure  by  the 
metal  cases  of  other  equipment.  Care  was  also  taken  to  keep  the  coaxial  connections  short 
and  away  from  the  source  of  radiation. 

The  above  experiment  was  repeated  with  the  VHF  radios  used  by  the  USNO  Police,  operating 
on  a frequency  of  140.3MHz,  and  similar  results  were  observed.  Unfortunately,  it  was  only 
possible  to  borrow  these  radios  for  a short  length  of  time. 
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III.  FREQUENCY  AND  POWER  DEPENDENCE 

Having  established  that  the  HP  5061 B cesium  standard  was  sensitive  to  RF  radiation,  it  was  of 
interest  to  explore  the  dependence  of  this  effect  on  the  frequency  and  power  of  the  RF  energy. 
A Fluke  6080  RF  signal  generator  was  used  as  the  source  of  RF  energy.  The  output  of  the 
signal  generator  was  fed  to  a straight  wire  antenna  one  foot  five  inches  in  length,  placed  two 
feet  in  front  of  the  clock  under  examination.  The  DAS  program  was  modified  to  perform  the 
following  procedure.  First,  the  clock  was  monitored  for  a length  of  time  with  the  RF  output 
silenced.  Then,  the  program  activated  the  signal  generator  and  set  the  frequency  to  the  first 
frequency  of  interest.  After  monitoring  the  clock  for  a specified  period  of  time,  the  program 
changed  the  frequency  of  the  signal  generator  to  the  next  frequency  of  interest.  When  all 
the  selected  frequencies  had  been  monitored,  the  signal  generator  output  was  silenced  and  the 
clock  was  monitored  for  a .specified  period  of  time.  The  power  of  the  signal  was  left  constant 
throughout  the  .sweep.  All  program  parameters  were  entered  by  the  user,  making  this  a very 
flexible  DAS.  This  experiment  setup  is  shown  in  Figure  4. 

In  order  to  know  the  real  RF  .strength  that  was  incident  upon  the  clock  for  any  frequency,  the 
frequency  response  of  the  antenna  needed  to  be  calculated.  A matched  .straight  antenna  was 
fabricated  and  was  placed  two  feet  away,  parallel  to  the  transmitting  antenna.  The  receiving 
antenna  was  connected  to  an  HP  8562  spectrum  analyzer.  The  magnitude  of  the  signal  at  this 
antenna  was  recorded  as  the  signal  generator  was  swept  across  the  frequency  band  of  interest. 
The  matched  nature  of  these  antennas  allows  correction  to  be  made  for  the  characteristics  of 
the  antenna.  The  frequency  re.spon.se  plot  is  shown  in  Figure  5. 

It  was  found  that  the  clock  exhibited  sharply  accelerated  rates  around  two  particular  frequencies 
(Figure  1).  The  first  was  at  128  MHz,  and  the  second  was  around  150MHz. 

IV.  INVESTIGATION  OF  POSSIBLE  CAUSES 

The  investigation  now  turned  to  i.solating  areas  within  the  clock  that  are  sensitive  to  RF 
radiation.  The  general  strategy  was  to  observe  the  signals  at  various  points  within  the  clock 
both  under  normal  conditions  and  while  the  clock  was  exposed  to  RF  radiation.  The  nature  of 
.some  of  these  signals  made  observation  on  an  analog  oscilloscope  difficult,  neccesitating  the  use 
of  a digital  oscilloscope  (HP  54504).  In  order  to  isolate  stages  of  the  control  feedback  loop, 
the  links  between  subassemblies  were  removed  as  required.  The  test  points  of  interest  could 
then  be  observed  both  before  and  during  radiation.  Particular  care  was  taken  to  discriminate 
between  those  effects  that  were  caused  by  the  RF  radiation  and  those  that  were  caused  by  the 
modification  of  the  feedback  circuits.  Such  discrimination  was  made  easy  by  the  fact  that  the 
RF  source  could  be  turned  on  and  off  at  will. 

The  following  sections  describe  the  effects  noted  at  several  points  within  the  clock  and  the 
causes  that  they  tend  to  imply. 

A DC  Control  Voltage  and  Synthesized  Frequency. 

The  DC  control  voltage  took  on  a very  large  negative  value  when  the  UHF  radio  was 
placed  near  the  clock.  When  the  UHF  radio  was  at  a distance  of  two  feet,  the  control 
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voltage  was  measured  at  approximately  -300m V.  The  output  from  the  external  Synth  jack 
did  not  appear  to  be  affected  even  when  the  radio  was  in  very  close  proximity  to  the 
clock.  The  Fluke  signal  generator  was  used  to  trigger  the  scope  in  order  to  determine  if 
there  was  a phase  shift  in  the  synthesizer  test  point  signal  when  the  RF  was  applied.  No 
such  phase  shift  was  observed,  even  after  the  clock’s  alarm  light  was  illuminated. 

B A7  AC  Amplifier  Assembly  and  A8  Phase  Detector  Assembly. 

The  AC  error  signal  at  test  point  J6  on  the  A7  AC  amplifier  module  was  seen  to  produce 
a large  sinusoidal  wave  form  of  greater  than  1.9  V peak-to-peak  when  the  handheld  radio 
was  keyed  nearby.  The  274  Hz  monitor  point  J2  normally  showed  a sinusoidal  wave  form 
which  became  mixed  with  an  irregular  sawtooth  wave  form  with  many  transients  when 
the  radio  was  keyed. 

The  error  signal  available  at  test  point  J1  on  the  A8  phase  detector  assembly  jumped  to  a 
peak  voltage  of  nearly  3 V when  the  RF  was  applied.  When  the  link  between  point  J4  on 
the  A7  assembly  and  J3  on  the  A8  assembly  was  removed,  the  A8  module  showed  much 
less  response  to  RF,  even  when  the  handheld  radio  was  placed  nearly  in  direct  contact. 

An  A7  assembly  identical  to  that  in  the  clock  was  obtained.  The  output  from  this  unit, 
which  was  powered  by  two  DC  power  supplies,  was  observed.  The  unit  showed  a very 
strong  response  to  RF  energy.  When  RF  was  applied,  a sinusoidal  signal  of  approximately 
137  Hz  was  obtained  at  test  point  J6.  The  unit  drew  a large  amount  of  current  when  RF 
was  applied.  The  current  peaked  when  a -1-20  dBm  signal  from  the  straight  wire  antenna 
was  placed  one  inch  away,  reaching  nearly  3 amps.  Even  at  a distance  of  three  feet,  a 
current  of  0.5  amps  was  still  drawn  from  the  power  supplies. 

C Ce.sium  Beam  Tube. 

Proceeding  one  more  step  backwards  in  the  control  loop,  the  signal  output  of  the  cesium 
beam  tube  was  examined.  When  radio  frequency  radiation  from  the  signal  generator  was 
applied  to  the  clock,  a sinusoidal  component  with  the  same  frequency  as  the  RF  source 
was  seen  at  the  output.  This  output  signal  was  very  noi.sy  as  viewed  on  the  oscilloscope. 
With  the  oscilloscope  set  to  repetitive  mode,  a wave  form  that  was  much  more  clearly 
defined  was  built  up.  At  200  MHz,  the  output  RF  voltage  was  about  63  mV  peak-to-peak. 
At  150  MHz,  the  maximum  voltage  was  seen  at  150  mV  peak-to-peak.  There  was  no 
apparent  change  in  the  RF  voltage  when  the  A1  assembly  was  removed  from  the  feedback 
loop.  There  was  also  no  apparent  change  in  RF  voltage  when  the  link  between  the  A3 
Frequency  Multiplier  and  the  A4  Harmonic  Generator  was  removed. 

From  these  observations,  it  seems  reasonable  to  conclude  that  the  RF  radiation  is  being 
introduced  to  the  feedback  loop  through  the  cesium  tube  assembly.  It  is  quite  possible 
that  the  high-voltage  power  supplies  provide  the  means  by  which  incoming  RF  radiation 
is  transported  into  the  cesium  beam  tube.  While  there  is  capacitative  coupling  to  ground, 
it  is  in  parallel  with  an  inductance  formed  by  the  transformer.  The  combined  reactance  of 
these  elements  may  form  an  oscillator  at  certain  radio  frequencies.  At  the  frequencies  of 
resonance,  these  capacitors  would  offer  no  protection  against  the  transport  of  RF  energy. 
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V.  POSSIBLE  MODIFICATIONS  TO  EXISTING  5061  CLOCKS 

To  prevent  radio  frequency  pickup  in  the  cesium  beam  tube,  it  might  be  possible  to  place  an 
RF  choke  coil  in  series  with  the  DC  outputs  of  the  high-voltage  supply  modules.  This  will 
substantially  increase  the  resistance  seen  by  RF  signals,  and  may  decrease  the  RF  component 
introduced  into  the  tube.  A high-voltage  low-value  capacitor  placed  after  the  choke  coil  would 
act  to  short  any  RF  signal  to  ground  while  leaving  the  DC  current  unaffected.  This  modification 
would  not  affect  the  DC  rectification  circuit. 

A more  exten.sive  modification  would  be  to  replace  the  tran.sformer  with  a semiconductor-based 
voltage  multiplication  circuit,  eliminating  the  inductive  effect  of  the  tran.sformer  coils.  This 
may  be  a superior  solution  from  and  RF  rejection  standpoint. 

It  is  probably  not  a practical  option  to  filter  the  RF  from  the  output  of  the  cesium  beam 
tube.  In  order  to  reject  RF  after  the  tube,  an  RF  shunt  capacitor  could  be  run  to  ground. 
Unfortunately,  this  could  affect  the  operation  of  the  clock  by  introducing  a phase  shift  in  the 
signal.  A more  rea.sonable  approach  might  be  to  use  parallel  narrow-band  bandpass  filters  to 
allow  only  the  desired  signals  to  pass.  The  most  reasonable  way  to  protect  the  A7  AC  against 
RF  pickup  and  amplification  may  be  through  the  addition  of  extra  shielding. 
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Abstract 


The  International  Standard  (SI)  second  of  the  atomic  clock  was  calibrated  to  match  the 
Ephemeris  Time  (ET)  second  in  a mutual  four  year  effort  between  the  National  Physical  Laboratory 
(NPL)  and  the  United  States  Naval  Observatory  (USNO).  The  ephemeris  time  is  “clocked"  by 
observing  the  elapsed  time  it  takes  the  Moon  to  cross  two  positions  (usually  occultation  of  stars 
relative  to  a position  on  Earth)  and  dividing  that  time  span  into  the  predicted  seconds  according  to 
the  lunar  equations  of  motion.  The  last  revision  of  the  equations  of  motion  was  the  Improved  Lunar 
Ephemeris  (ILE),  which  was  based  on  E.  W Brown’s  lunar  theory.  Brown  classically  derived  the 
lunar  equations  from  a purely  Newtonian  gravity  with  no  relativistic  compensations.  However,  ET  is 
very  theory  dependent  and  is  affected  by  relativity,  which  was  not  included  in  the  ILE.  To  investigate 
the  relativistic  effects,  a new,  noninertial  metric  for  a gravitated,  translationally  accelerated  and 
rotating  reference  frame  has  three  sets  of  contributions,  namely  (I)  Earth’s  velocity,  (2)  the  static 
solar  gravity  field  and  (3)  the  centripetal  acceleration  from  Earth’s  orbit.  This  last  term  can  be 
characterized  as  a pseudogravitational  acceleration.  This  metric  predicts  a time  dilation  calculated 
to  be  -0.787481  seconds  in  one  year.  The  effect  of  this  dilation  would  make  the  ET  timescale 
run  slower  than  had  been  originally  determined.  Interestingly,  this  value  is  within  2 percent  of 
the  average  leap  second  insertion  rate,  which  is  the  result  of  the  divergence  between  International 
Atomic  Time  (TAl)  and  Earth’s  rotational  time  called  Universal  Time  (UT  or  UTI).  Because  the 
predictions  themselves  are  significant,  regardless  of  the  comparison  to  TAI  and  UT,  the  authors  will 
be  rederiving  the  lunar  ephemeris  model  in  the  manner  of  Brown  wUh  the  relativistic  time  dilation 
effects  from  the  new  metric  to  determine  a revised,  relativistic  ephemeris  timescale  that  could  be 
used  to  determine  UT  free  of  leap  second  adjustments. 
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Introduction 

Time  is  measured  by  counting  cycles  or  fractions  of  cycles  of  any  physical  repeatable  phe- 
nomenon. The  oldest  method  is  based  on  the  rotation  of  the  Earth  to  define  the  timescale 
called  Universal  Time  (UT  or  UTl  to  be  more  .specific).  The  actual  solar  day  vanes  by  the 
angles  sunlight  strikes  the  Earth  as  it  moves  in  its  inclined  elliptical  orbit.  Through  mathematics, 
the  concept  of  a mean  solar  day  can  be  established  in  terms  of  the  sidereal  day  that  Earth 
takes  to  rotate  27t  radians.  As  the  Earth’s  rate  of  rotation  was  discovered  to  vary  somewhat, 
a more  precise  time  standard  was  developed  by  monitoring  the  motion  of  the  heaven  y bodies 
and  comparing  them  to  the  theory  of  motion  for  that  body.  Similar  to  hands  of  a clock  passing 
the  numbered  positions  on  the  clockface,  the  observed  position  or  ephemeris  of  a heaven^ly 
body  against  the  stellar  background  determines  the  timescale,  called  Ephemeris  Time  (ET). 
Unfortunately,  ET  is  very  theory  dependent.  The  actual  Ephemeris  Time  of  an  event  was 
determined  well  after  it  occurred  due  to  postprocessing  of  the  observations. 

In  the  mid  1950s,  precise  atomic  frequency  standards  were  developed  for  ultrastable,  long  term 
operation.  The  atomic  vibrations  would  be  monitored  so  that  the  number  of  elapse  eye  es 
could  provide  the  conversion  to  establish  an  atomic  clock.  The  primary  atomic  timescale  is 
currently  the  International  Atomic  Time  (TAI).  The  length  of  the  atomic  SI  second  was  defined 
bv  Markowitz  et  al.  (1958)  by  an  observationally  determined  value  of  the  ET  sewnd  obtaine 
from  the  Improved  Lunar  Ephemeris  (ILE).  However,  a timing  problem  surfaced  when  it  was 
seen  that  UT  ran  at  a different  rate  than  TAI.  Based  on  conversations  with  personnel  at  the 
US  Naval  Observatory  (USNO)  into  the  derivation  of  the  ILE,  it  was  determined  that  re  ativity 
effects  were  not  incorporated  into  Brown’s  lunar  theory.  Preliminary  relativity  calculations 
have  yielded  a time  dilation  effect  in  the  lunar  ephemeris  with  a value  that  is  within  2/o  ot 
the  observed  divergence  between  UT  and  TAI.  Work  is  ongoing  to  rederive  a relativistic  lun^ 
ephemeris  and  obtain  a relativistic  ET  timescale,  which  will  be  compared  to  the  TAI  and  UT 

timescales. 


DevGlopm6iit  of  thG  EphGmGris  and  Atomic  TirnGScalcs 

The  International  Atomic  Time  (TAI)  scale  is  based  on  the  rate  of  time  defined  by  the  Systeme 
International  (SI)  second.  Since  1967,  the  SI  second  has  been  the  standard  unit  of  time  m all 
timescales.  The  calibration  study  that  utilized  the  ILE  to  define  the  SI  second  averaged  the 
cycles  tabulated  over  4 years  from  the  cesium  standard  and  compared  them  to  the  length  ot 
the  ET  second.Bl  So,  the  SI  second  matches  an  ephemeris  second  very  closely  and  provides 
continuity  between  the  ET  and  TAI  timescales.  1^1 

The  ILE  is  a classically  derived  lunar  ephemeris,  which  is  based  on  E.  W.  Brown’s  classical  lunar 
theory  as  derived  from  Newtonian  gravitation.  Brown’s  original  theory  as  documented  in  his 
memoirsI3.4A«,71  was  finished  before  general  relativity  was  published  in  1916.  General  relativity 
theories  prior  to  1950  using  standard  spherically  symmetric  metrics  for  a single  mass  produce 
relativistic  corrections  well  below  the  level  of  precision  of  the  empirical  corrections  applied  to 
the  ILE.[*I  Therefore,  relativistic  corrections  to  the  ILE  were  not  considered  necessary. 

The  very  first  version  of  ET  was  defined  by  Clemence,  who  used  Newcomb’s  classical  theory 
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for  the  Tables  of  the  Sun  from  1896.  Since  Einstein  published  his  .special  and  general  relativity 
theories  in  1904  and  1916,  respectively,  it  is  obvious  that  ET  had  no  intentional  relativistic 
corrections  incorporated  in  the  first  ET  timescale.  From  the  observational  results  of  Spencer 
Jones  (1939),l’l  Clemence  derived  the  fluctuation  factor  A = ET  - UT  to  convert  UT  to  a 
time  measure  defined  by  Newcomb’s  tables.HOl  Because  the  year  was  so  long,  which  then  took 
months  after  an  event  to  determine  ET,  the  Moon’s  orbit  was  the  best  object  to  study  because 
it  had  the  shorte.st  period.  The  best  lunar  theory  available  was  Brown’s  methodical  derivation. 
But,  Brown  had  to  adopt  an  empirical  term  from  other  sources  to  get  better  agreement  between 
his  lunar  theory  and  the  lunar  observations  u.sed  to  get  the  constants  of  integration  for  his 
theory.  Clemence  determined  the  correction  to  Brown’s  lunar  theory  so  that  the  independent 
time  variable  in  the  lunar  theory  would  be  the  same  as  that  in  Newcomb’s  Table  of  the  Sun. mi 
Following  Clemence’s  computations  published  in  1948,  the  International  A.stronomical  Union 
agreed  to  remove  Brown’s  empirical  term  and  to  rescale  Brown’s  lunar  theory  by  correcting 
the  mean  longitude,  L,  with  the  following  equation: 


AL  = -8.72"  - 26.74"T-  11.22"7’2  = ALo  + AnT  + -AnT'^  (1) 

where  T is  measured  in  Julian  centuries  from  1900  January  0 at  Greenwich  Mean  Noon. 

The  equation  to  correct  the  mean  longitude  of  the  Moon  can  be  considered  a correction  to 
the  mean  motion  rate  of  n by  a value  of  An  = — 22.44"/cy^.  This  modification  to  the  mean 
longitude  agreed  with  the  observations  of  Spencer  Jones  (1939).  Brown’s  lunar  theory  with  this 
correction  to  the  mean  longitude  and  a minor  aberration  correction  term  made  up  the  ILE 
used  to  compute  ET.  Recently,  Markowitz  reportedfi^l  that  the  SI  second  and  the  ILE  second 

were  still  consistent  to  a part  in  lO’*^,  which  effectively  establishes  that  the  SI  and  ET  seconds 
are  equivalent. 


Evidence  of  Timescale  Problem 

There  has  been  considerable  evidence  of  timescale  inconsistencies  between  UT  and  ET. 
Ephemeris  timescales  based  solely  on  the  orbital  periods  of  the  planets  appeared  to  run 
faster  than  UT.  Data  from  Spencer  Jones  showed  that  the  lunar  orbital  secular  accelera- 
tion  wa.s^  5.22" /cy’^  = and  the  apparent  .secular  acceleration  of  the  .solar  orbit  was 

1.2:r/cy^  = Anj,„„.  Spencer  Jones  attributed  the  cause  to  tidal  friction  slowing  down 
Earth  s rotational  rate.fi^l  It  also  appears  that  Clemence  computed  the  secular  acceleration  of 
Earth’s  rotation,  d>,  using  the  secular  orbital  acceleration  of  the  Moon  and  Mercury  to  get 
A\dot.n  = -11.22'7('y2,  Munk  (1963)  computed  the  secular  acceleration  of  Earth’s  rotation 
from  Spencer  Jones’  numbers  with  the  following  formula  for  the  “weighted  discrepancy  dif- 
ference,” in  which  any  dependence  to  a variable  Earth  rotation  was  removed.!!-*!  The  attempt 
here  was  to  extract  the  contribution  due  to  any  lunar  errors  in  the  timing  problem  from  other 
sources.  So,  the  weighted  discrepancy  difference  (WDD)  is  the  weighted  difference  of  the 
secular  orbital  accelerations  between  the  Moon  and  Sun  that  has  not  been  accommodated  in 
the  lunar  ephemeris  used  for  defining  the  lunar  ET. 
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wr>n(l)=  f I * which  implies  that  (2) 

f,WnlHt)  = - (— ) =5.22"/ni^  - K1.37(1.23"/cy^)  = -H.22"/cy^  (3) 

dt^  [ \ ^suii  / 

Based  on  Clemence’s  results,  WDD(t)  could  be  computed  by  using  Mercury  instead  of  the 
Sun  Munk  assumed  that  WDD  is  due  to  the  secular  acceleration  of  Earth’s  rotation,  which 
will  affect  values  of  the  independent  variable  t.  He  ruled  out  the  alternative  option,  which  is 
„ = n n because  these  secular  orbital  accelerations  are  empirical  and  have  no 

exTlanatS^from  Sssical  gravitation  theory.  Lambeck  did  basically  the  same  thing  as  Mimk 
using  solar.  Mercury  and  Venus  data. [’-15,16,171  Using  Spencer  Jones’  work  plus  three  other 

sources,  Lambeck  concluded 


Again,  Lambeck  reached  the  same  result  as  Munk  and  stated  that  the  empirically  derived 
acceleration  has  to  be  caused  by  a secular  deceleration  in  Earth’s  rotation  as  the  only  plausible 
mechanism  under  classical  theory. 

All  of  these  authors  would  get  the  same  value  for  what  is  interpreted  as  the  secular  acceleration 
of  Earth’s  rotation,  -11.22'7cy'*.  Notice  this  is  exactly  the  value  for  the  quadratic  term  in  the 
equation  used  to  correct  Brown’s  lunar  theory  for  the  ILE.  This  value  corresponds  to  a corrected 
secular  acceleration  in  the  Moon’s  mean  longitude  of  -22.44"/cy2.  ^ recent  obseiwation 

using  lunar  laser  ranging  gives  -26.0"  ±\.0"lcy^  for  the  Moon’s  secular  acceleration.! 

When  a divergence  occurs  between  two  time  standards,  either  the  first  standard  is  running 
slower  than  the  second  or  the  second  standard  is  running  faster  than  the  first.  All  of  the  authors 
mentioned  in  the  previous  section  have  identified  that  there  is  a timing  problem  between  a 
timescale  based  on  Earth’s  rotation  and  ephemeris  time.  One  option  is  that  ET  is  running  a i 
too  fast,  which  could  be  caused  by  not  including  sufficient  relativity  corrections  to  lengthen  the 
time  unit  interval  appropriately  in  the  orbital  equations  of  motion.  The  original  ET  standard 
used  Earth’s  orbit  to  measure  one  year,  which  was  then  divided  into  ephemeris  seconds  base 
on  the  classically  derived  theory  of  the  Sun.  If  the  ephemeris  second  inteival  were  a bit 
smaller  than  the  proper  second  interval  in  a relativistic  theory,  the  ET  standard  would  predict 
that  Earth  would  complete  one  entire  orbit  before  Earth  actually  traveled  27t  radians  of  mean 
anomaly  Let  M represent  the  observed  mean  anomaly  and  T,  the  orbital  period  of  the  Ear  ^ 
Then  AM  = M-nT.  As  T = 27r/n,  then  AM  = M-2ir.  This  discrepancy  is  often  interpreted 
as  a secular  acceleration,  AM  = \fiT^.  If  AM  is  caused  by  an  annual,  fixed  timing  error  AT, 
then  one  may  write  AM  = nAT.  The  correction  between  the  secular  acceleration,  and  e 

timing  error  is  given  by 


= constant 
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fetrTht  ^ 'll'  P''’*"™  “ ''0^'  Action  ,ha.  .low.,  down 

the  barths  rate  of  rotation,  which  then  makes  the  UT  timescale  run  slower  whereas  the  ihov.* 

C^“dMate‘^^e%Tc'’^b  h "sE  ^ 

The  leap  _„ds  ln,e„ed  1^ U^C^'ircITirw^ 'f 

r Vi.  ^/e-dsr  ar,,^?:.:t  - --  ---  - « « 

Leap  Second  Insertion 


Looking  at  Figure  1,  there  is  a periodic  variation  in  the  overall  trend  as  UT  and  TAT  ct,.  h i 

diverge.  FInctnations  in  .he  Earth’s  rotation  over  tiraescaS  of  less  thal  a f 

dominated  by  atmospheric  effects  121,22,23]  which  affert  th.*  t i,  • ^ 

Pr.i-tkv  » r • ■ ’ wnich  afreet  the  atmospheric  angular  momentum  and 

oT^granl :i;-x'zr:^d  h;i-Se  1 25 

n.ean  solar  L'r  J o,  SI  “■  » 


Average  Length  of  Mean  Solar  Dav  in  SI  SeronHc  1 

1992-1958 

86400.00214 

1993-1958 

86400.00216 

1994-1958 

86400.00218 

Subtracting  24  hours  of  seconds  from  the  average  length  of  day  and  then  inverting  gives  the 
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average 


leap  second  insertion  rate  in  days  as  shown  in 


the  table  below; 


Average  Leap  Second  Insertion  Kat^ 

1958-1992 

466.6667  day/sec 

■ 1958-1993  ^ 

463.0357  day/sec 

1958-1994 

459.6551  day/sec 

the  rates  of  UT  and  TAI  do  not  match. 


the  SI  second 
the  figure  that 


Relativity  Effects  on  Time  Standards 


Relativity  theory  has  shown  that  velocity 

does  not  predict.  Relativity  requires  that  a attached  to  the  observer,  much  like  a 

be  made.  Proper  time  is  the  time  kept  by  ^ j ,he  instantaneous  readout 

wristwatch  tells  the  observer  his  time,  oor  i . ^ ^he  output  time  is  communicated 

of  the  master  time  standard,  wherever  "‘X,  accelerated  observer 

instantaneously  to  the  observer  at  h"  The  Earth  is  no. 

::;‘’::bnrro"h7a^:r;ir:nNtsi^ 

tl'observer  on  Earth's  geoid  (surface 

and  fro™  pe™‘>'‘:  variations  in  the  atmrrspherir: 

rotation  (e.g.  Ul)-  ims  sianuaiu  uu  masses  In  ceneral,  the  rotational 

angular  momentum  due  to  expan  for"t[mekeeping  over  the  long  term.  Because  Earth 

time  standard  is  fairly  consisten  an  u.  slows  down  (experiences  the  time  dilations 

experiences  orbital  dynamics  and  solar  gravity,  nongravitated  location 

that  lengthen  the  second  interval  “ale’tha,  Ls  the  same  time 

honinertial  time  standard,  because 

Earth’s  reference  frame  is  accelerated. 

A Vn\r  nn  Farth  observer  viewing  the  position  of  a heavenly  bo  y, 
Ephemeris  Time  '=^  de^‘'7arinii  i/to  a^classically  predicted  orbital  position.  Postprocessing  of 
like  the  Moon,  and  comparing  i ' f .Ue  time  a time  tag  for  the  observed  position, 

the  equations  of  motion  will  produce  ^ included,  the 

which  is  used  to  define  the  timescale  ^ ^T.  W>th  no 

predicted  positions  are  appropriate  on  y equivalent  which  constitutes  what  we  call 

r.sr  ■£•  rr  r~“'S  - c— 

u la  u ir,  tr-rms  nf  the  observer’s  own  reference  frame,  which 
i:,,' rtt^thc  pr::  tta^ed'^.— cLlcal  cqrratlons  of  morion  have  no 
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relativistic  time  dilations  so  that  the  observer’s  reference  frame  is  interpreted  as  being  stationary 
and  nongravitated.  The  classical  equations  of  motion  establish  an  inertial  time  standard. 
However,  the  Earth  bound  observer  experiences  orbital  velocities  and  as.sociated  accelerations 
that  con.stitute  a noninertial  reference  frame  and  a noninertial  time  .standard.  So,  the  observers’ 
own  proper  time  rate  is  slower  than  classical  physics  predicts.  The  time  tags  given  to  the 
observed  angular  position  of  a heavenly  body  is  e.ssentially  equivalent  to  Earth’s  proper  time 
namely  UT.  Since  ephemeris  time  was  defined  with  equations  of  motion  that  assumed  the 
observer  would  be  stationary  and  nongravitated,  the  ET  time  intervals  are  a bit  short.  This 
would  explain  why  ET  would  run  faster  than  UT  over  the  long  term. 

Atomic  time  .standards  are  defined  to  operate  on  Earth’s  geoid.  The  atomic  clocks  are  at 
the  .same  location  as  the  observer  on  Earth’s  surface,  so  that  an  atomic  clock  experiences  the 
same  relativity  effects  as  a clock  in  Universal  Time.U^I  However,  atomic  clocks  were  carefully 
calibrated  to  match  the  rate  of  the  ET  timescale,  which  assumed  an  unaccelerated,  stationary 
frame  for  the  observer.  Thu.s,  TAI  and  ET  do  not  have  the  same  common  rate  as  the  UT 
timescale.  Neither  TAI,  ET  nor  UT  operate  in  an  inertial  reference  frame.  If  the  complete 
relativity  compensations  were  included  in  the  lunar  ephemeri.s,  then  the  relationships  between 
these  three  time  rates  should  be  closer. 


Noninertial  Relativistic  Metric  and  New  Time  Dilation  Effects 

Since  the  Earth  and  Moon  define  noninertial  systems  orbiting  each  other,  then  the  choice 
of  a relativrstic  metric  must  accommodate  all  relativistic  terms  for  a noninertial  dynamical 
system  Just  as  measurements  taken  in  noninertial  reference  frames  require  that  extra  cla.ssical 
terms  (e^g.  centripetal  and  Coriolis  forces)  must  be  taken  into  account  when  tran.sforming  to 
inertial  frame.s,  then  relativistic  measurements  taken  in  a noninertial  frame  must  have  extra 
wrrection  terms  that  would  not  be  found  in  an  inertial  frame.  Many  metrics,  such  as  the 
Schwarz.schild  metric,  assume  the  massive  object  is  stationary  or  nonrotating  or  inertial.  The 
Nelson  metric  is  an  exact,  noninertial  metric  appropriate  for  a nongravitationally  accelerated 
rotating  reference  frame.  125]  Deines  has  extended  the  exact  Nelson  metric  for  nongravitationally 
a^elerated  frames  to  include  Newtonian  gravity.  The  inclusion  of  the  Newtonian  gravity  with 
the  nongravitational  accelerations  should  encompass  all  significant  relativistic  terms  to  second 
or  er,  since  the  post-Newtonian  approximation  from  general  relativity  has  the  Newtonian 
gravity  as  the  only  second  order  contribution.  The  noninertial  relativistic  contributions  are  the 
velocity  factor  from  special  relativity,  the  Newtonian  gravitational  term  from  the  second  order 
post-Newtonian  approximation  from  general  relativity,  and  a new  nongravitational  potential 
^ntribution  that  can  be  treated  in  general  relativity  as  an  effective  pseudogravitational  factor 
to  account  for  the  centripetal  acceleration.  The  new  metric  is  defined  below: 


9ij 


9oj 


( I if  i — j 
1 0 if  / ^ j 


-(w  X fl)j 


(6) 

(7) 
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be  close  to  UT 

SE=~rSE^S 

orbit  of  -2^m"lcy^  is  predicted,  which  is  about  1.3%  of  the  observed  value. 


Conclusion 

As  discussed  already  in  this  paper  astronomers 

jrc:"::::  over  L .he  Ohse^ea  dWergenee  ^ U™ 

*'‘t,lfy'.o'ThrEf:l'n?^evi:,t  ^ opinion,  are  that  UT  is  stowing  down  due  .o 

"etton  L Iq:,aClausible  option  is  ,ha,  ET  had  been  running  slightly  faster  than  UT. 
The  Lk  of  a physical  lose  has  kept  this  option  from  senous  consideration  until  no  . 

equations  of  motion  that  deh 

any  relativity  f .ho"f  equations'  of  'motion,  the  ET 

subsequently  divided  into  _ Earth’s  proper  time  standard.  Without  the 

timescale  could  be  running  slig  y ■ second  slightly  there  will  be  slightly 

relativistic  time  dilation  effects  that  would  stretch  the  ET  on 

phenomena. 

irc:ndr;r“hri™  - 
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9oo 


2 


(8) 


A - R + ^ 


+ 


(J  X Rf 


where  A is  the  time-dependent  translational,  nongravitated  acceleration  of  the  observer’s 
frame  relative  to  a nongravitated  inertial  frame,  is  the  Newtonian  gravitational  potential 
independently  existing  m the  neighborhood  of  the  observer,  w is  the  time-dependent  angular 
velocity  vector  of  the  observer’s  spatial  frame  rotating  relative  to  the  inertial  frame,  and  R is 
the  range  vector  of  the  accelerated  observer’s  origin  from  the  inertial  frame. 

Using  the  fact  that  the  Nelson  metric  preserves  flat  .space-time,  Deines  has  rigorously  de- 
rived a new  time  dilation  equation  for  a rotating  reference  frame  that  is  accelerated  both 
nongravitationally  and  gravitationally. 


dr  = 


\ 


Ax  R 


(9) 


with  V being  the  time-dependent  velocity  of  the  observer’s  frame  relative  to  the  inertial  frame, 
proper  dme  r is  associated  with  UT  as  Earth’s  proper  time  and  coordinate  time  t is  considered 

second,  then  the  square  root  term  is  the  time  dilation  factor  between  the 
UT  and  TAI  .seconds. 


o estimate  the  expected  time  dilation  of  Earth  in  its  orbit  around  the  Sun,  integrate  the 
time  dilation  equation  over  one  year  by  the  following  process.  Assume  the  inertial  frame  is 
sufficiently  far  from  the  Sun  as  to  experience  no  gravitational  red  shift  with  its  ideal  master 
clock  (e.g.  fixed  somewhere  on  the  celestial  sphere).  Draw  the  displacement  vector  R from 
t e inertial  frame  to  the  barycenter  located  at  the  Sun  and  continue  on  to  the  Earth-Moon 
barycenter.  Since  the  first  leg  of  this  vector  sum  is  fixed  and  a.ssumed  sufficiently  stationary, 
the  problem  now  reduces  by  a transformation  to  evaluating  the  time  dilation  equation  from 
the  Sun  to  Earth.  Expand  the  radical  in  powers  of  c2  and  retain  only  the  first  order  terms. 
Assume  Earth’s  orbit  is  a perfect  ellipse.  Substitute  the  Newtonian  potential  with  the  classical 
representation  of  the  reduced  mass  divided  by  the  new  R vector.  Derive  the  expression  for  the 
centripetal  acceleration  due  to  the  elliptical  orbit  and  substitute  directly  for  the  dot  product 
term.  Give  V its  value  for  elliptical  orbits.  Obtain  the  differential  form  of  Kepler’s  equation 
to  express  dt  as  a function  of  dE  where  E is  the  eccentric  anomaly. 

Collect  terms  as  a function  of  E and  integrate  over  27t  radians  for  one  anomalistic  year  fi  e 

perigee  to  perigee  or  365.259635  days)  to  get  the  effective  rate  difference  between  proper  and 
coordinate  time  as  given  below: 


T — t 


7 Jo  + ^-cosE)dE  = ~^5E  = -0.778748084 

second.s  per  anomalistic  year 


(10) 


The  result  from  this  integration  is  that  UT  will  trail  TAI  by  .7787481  seconds  in  one  year,  which 
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very  preliminary  computations  using  this  time  dilation  equation  indicate 

effects  when  ignored  can  produce  an  apparent  lunar  acceleration  of  26.6  / » , 

within  1.3%  of  the  current  observed  value  of  the  lunar  secular  acceleration  in  mean  ongi  u 

Our  future  research  work  will  generate  a relativistic  lunar  ephemeris  by  following  Brown’s 
methodical  development  and  using  the  new  noninertial  metric.  The  ongoing 
the  original  ephemeris  timescale  to  a relativistic  one.  It  is  expected  that  the  comparison  will 
Itch  fhe  comparison  between  UT  and  TAI.  One  outcome  of  this  effort  may  be  the  precise 
determination  of  a UT  timescale  by  an  appropriate  conversion  factor  applied  to  ^omi 
timescale  based  on  the  SI  second.  This  could  allow  an  ultraprecise  definition  of  a new  UT 
timescale  free  of  any  leap  second  insertions. 

This  research  effort  is  funded  by  the  Office  of  Naval  Reseearch  contract  N00014-94-1-1021. 
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Abstract 


A stability  analyzer  for  testing  NASA  Deep  Space  Network  installations  during  flight  radio 
science  experiments  is  described.  The  stability  analyzer  provides  realtime  measurements  of  signal 
properties  of  general  experimental  interest:  power,  phase,  and  amplitude  spectra;  Allan  deviation; 
and  time  series  of  amplitude,  phase  shift,  and  differential  phase  shift.  Input  ports  are  provided 
for  up  to  four  100  MHz  frequency  standards  and  eight  baseband  analog  (>I00  kHz  bandwidth) 
signals.  Test  results  indicate  the  following  upper  bounds  to  noise  floors  when  operating  on  100  MHz 
signals:  -145  dBcIHz  for  phase  noise  spectrum  further  than  200  Hz  from  carrier,  2.5  x 10 
(t  =1  second)  and  1.5  x 10  (t  =1000  seconds)  for  Allan  deviation,  and  1 x 10  degrees  for 
1-second  averages  of  phase  deviation.  Four  copies  of  the  stability  analyzer  have  been  produced, 
plus  one  transportable  unit  for  use  at  non-NASA  observeUories. 


Introduction 


The  Deep  Space  Network  (DSN)  is  called  upon  to  attain  high  levels  of  frequency  stability  for 
scientific  purposes.  For  instance,  the  upcoming  Cassini  mission  to  Saturn  will  u.se  the  DSN 
to  attempt  detection  of  gravitational  radiation,  and  to  observe  properties  of  Saturn’s  rings, 
atmosphere,  and  satellitesOl. 

These  and  related  investigationsOl  measure  small  perturbations  on  a radio  signal  passing 
between  the  earth  and  a distant  spacecraft.  The  Cassini  applications  are  fairly  typical,  requiring 
frequency  .stability  of  a few  parts  in  10*'’  (Allan  deviation  for  sampling  time  r =100  to  10,000  s) 
and  single-sided  phase  noise  around  -60  dBc/Hz  (1  to  10  kHz  offset  from  an  8.4  GHz  carrier). 

It  is  challenging  to  achieve  such  stabilities  in  the  operational  environment  faced  by  the  DSN. 
That  environment  includes  months-long  periods  of  duty;  spatially  distributed,  outdoor,  and 
moving  equipment;  and  competition  for  observing  time.  We  have  found  that  stability  failures 
can  remain  hidden  in  the  bulk  of  DSN  activities,  only  to  surface  when  the  scientific  experiment 
is  undertaken.  This  is  troublesome  because  most  mission  experiments  cannot  be  repeated. 
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Therefore  the  DSN  has,  in  the  past,  tested  its  systems  using  instrumentation  suitable  for  use 
by  specially  trained  personnel.  This  approach  was  expensive,  however,  and  the  time  to  analyze 
data  has  often  allowed  additional  diagnostic  evidence  to  disappear,  necessitating  repeated  tests. 

We  developed  a stability  analyzer  to  enable  operations  personnel  to  rapidly  measure  stability  in 
various  ways,  in  order  to  lower  costs  and  reduce  response  time.  The  particular  measurements 
made  are:  power,  phase,  and  amplitude  spectra;  Allan  deviation;  and  time  series  of  amplitude 
phase  shift,  and  differential  phase  shift.  Our  analyzer  provides  inputs  for  up  to  four  100 
MHz  frequency  standards  and  eight  baseband  analog  (>100  kHz  bandwidth)  signals,  with  the 
possibility  of  expanding  to  accept  digital  inputs  over  a local  area  network.  Four  copies  of 
the  stability  analyzer  have  been  produced,  plus  one  transportable  unit  for  use  at  non  NASA 
observatories. 


Instrument  Overview 

The  DSN  .stability  analyzer  has  two  major  components;  1)  the  RF  and  Analog  Assembly,  and 
2)  the  Controller  Assembly,  as  depicted  in  Figure  1. 

The  RF  and  Analog  Assembly  provides  the  conditioning  and  conversion  of  the  input  analog 
signals  into  a signal  the  controller  can  analyze.  The  equipment  is  installed  in  two  parts:  the 
100  MHz  Interface  Assembly  and  an  RF  Cabinet  As.sembly. 

The  100  MHz  Interface  assembly  resides  as  close  as  possible  to  the  DSN  primary  frequency 
standards,  usually  hydrogen  masers  (H-ma.sers).  Intentionally,  this  location  is  rsolated  from 
routine  personnel  access,  as  well  as  from  as  many  environmental  influences  as  po.s.sible.  The 
a.ssembly  receives  four  100  MHz  inputs,  which  are  compared  in  pairs.  The  comparison  (described 
further  below)  results  in  a 100  kHz  signal  that  is  sent  over  a fiber-optic  interface  to  the  RF 
cabinet.  The  RF  assembly  resides  in  a convenient  location  for  access  by  test  personnel.  It 
provides  reference  frequency  synthesis  and  distribution,  switching  among  the  possible  input 
Lurces,  signal  amditioning  in  the  form  of  amplification,  and  optional  downconversion  with 

detection  of  zero  crossings. 

The  Controller  Assembly  resides  next  to  the  RF  as.sembly,  and  provides  an  operator  interfoce 
for  selection  of  the  test  type  and  hardware  configuration,  and  for  presentation  of  results.  The 
Controller  also  controls  details  of  switches  and  instrumentation,  acquires  data  by  means  of 
analog-to-digital  (A-D)  converters  and  a time  interval  counter,  and  analyzes  the  data  acquired. 
Originally,  the  RF  assembly  was  housed  in  one  rack  and  the  controller  equipment  was  housed 
in  a second  rack.  These  cabinets  have  since  been  bolted  together  to  form  a double  cabinet, 
and  components  of  each  have  been  swapped  to  improve  ergonomics  for  the  operator.  See 
Figure  2 for  a photograph  of  the  double  cabinet. 
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Analog  Electronics  Design 

100  MHz  Interface  Assembly 


This  assembly  selects  the  pair  of  100  MHz  signals  to  be  analyzed,  and  converts  the  selected 
signals  into  a form  that  can  be  transported  to  the  low  frequency  equipment.  Figure  3 shows  a 
block  diagram. 

Output  from  the  100  MHz  assembly  is  sent  on  fiber  optics  to  the  low  frequency  equipment 
to  prevent  ground  loop  currents  that  could  induce  spurious  signals  or  noise  into  signals  being 
measured,  or  could  contaminate  the  frequency  standard’s  outputs.  The  100  MHz  Interface 
has  four  100  MHz  input  ports.  Two  input  ports  are  connected  to  H-Maser  outputs,  and 
one  other  port  is  normally  used  for  comparing  the  station’s  coherent  reference  generator  100 
MHz  output  again-st  the  H-masers.  The  100  MHz  signals  are  selected  for  measurement  using 
RF  relays  followed  by  high  reverse  isolation  amplifiers  cascaded  with  output  matrix  .switches. 
The  combined  Isolation  of  both  sets  of  .switches  and  60  dB  reverse  Isolation  of  the  amplifiers 
provides  more  than  150  dB  crosstalk  isolation  between  signals. 

Switch  control  commands  are  sent  over  fiber  optics  to  the  100  MHz  Interface  using  commercial 
modems  and  digital  I/O  boards  to  address  .switch  decoders  that  operate  the  switches. 

The  .selected  pair  of  inputs  are  frequency  multiplied  by  99  and  100  respectively  with  phase-locked 
cavity  multipliers.  The  multiplier  outputs  at  9.9  GHz  and  10.0  GHz  are  mixed  to  generate  100 
MHz.  The  result  is  frequency  translated  to  100  kHz  in  an  offset  frequency  generator,  and  sent 
on  a fiber-optic  link  to  the  low  frequency  assembly. 

The  frequency  conversion  process  yields  a single  100  kHz  carrier  with  a phase  spectrum 
containing  the  relative  stability  of  the  100  MHz  inputs,  with  a 40  dB  margin  above  what  would 
be  obtained  from  direct  mixing  of  one  input  with  the  other  input,  offset  by  100  kHz.  Amplitude 
information  is  lost.  Frequency  translation  to  100  kHz  is  necessary  for  the  A-D  converter,  and 

allows  the  signal  to  be  transported  to  the  low  frequency  assembly  over  low-cost  multimode 
fiber  optics. 

Low  Frequency  Interface  Assembly 

This  assembly  contains  .switches  that  select  among  baseband  receiver  signals  and  the  100  kHz 
signal  from  the  100  MHz  assembly.  The  selected  signals  are  routed  to  measurement  ports  of 
the  computer  .system.  Figure  4 shows  a block  diagram. 

Baseband  signals  are  selected  by  matrix  switches  and  sent  to  programmable  attenuators  that 
set  levels  into  the  interface  amplifiers.  Another  matrix  switch  outputs  the  selected  signals  to 
the  desired  output  ports.  The  frequency  translated  100  MHz  maser-pair  signal  is  input  to 
the  low  frequency  assembly  on  multimode  fiber.  The  fiber-optic  receiver  output  is  ± 15  kHz 
bandpass  filtered  to  eliminate  aliasing  of  .spectral  components,  then  routed  to  the  output  matrix 
switches.  One  output  of  the  matrix  switch  feeds  a zero  cro.ssing  detector  for  1-second  phase 
measurements.  The  zero  crossing  detector  generates  a 1 PPS  output  that  is  routed  over  fiber 
optics  to  the  frequency  counter.  The  other  outputs  of  the  matrix  switch  are  sent  on  coax 
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488  bus  is  used  to  communicate  with  two  frequency  synthesizers  and  a time  inte^al  coimter 
(L  ^nthesizer  supplies  .he  local  oscillator  for  the  las,  d„w„co„vers.o„  ,o  , Hz  *“wn 
Figure  4,  while  another  supplies  the  sample  clock  for  ^70  — on.)  Th<=  f ass. 

contains  a Skybolt  8116-V  vector  processor  and  an  Analogic  DVX  250-  1 
converter. 

The  Skvbolt  computer  is  delivered  with  its  own  Unix-based  operating  system,  which  allows  the 
IxectUtorofTe  user  program.  We  have  written  the  one  user  program  to  prov.de  custom 
real-time  multitasking  and  digital  signal  processing.  The  program  is  designed  to  accomoda  e 
one  test  at  a time,  in  the  form  of  an  execution  script  including  the  digital  signal  processing, 
along  with  some  small  Skybolt  system  tasks.  The  code  is  written  in  C and  Fortran. 

The  software  on  the  Sun  runs  with  the  Unix  operating  system  using  a Motif-style  window 
manager  environment.  Custom  screens  allow  operators  to  use  the  .stability  analyzer  wi  on  y 
occasLal  reference  to  an  instruction  manual.  Unique  test  scrip,  flies  are  ^mfuled  ™n-  .me 
to  control  test  tasks,  which  are  started  in  the  Sun  and  exmited  in  the  S^oh.  The  ^ 
are  written  in  a custom  language,  similar  to  Structured  Query  Language  (SQL)  including 
J gh^r-  etel  operations  such  as  Define,  DoWhile.  If,  etc.  The  Sun  code  ,s  written  in  C,  some 
of  which  is  computer  generated  by  programming  tools  and  utilities,  mainly  Builder  Xcessory, 

Lex,  and  Yacc. 

The  signal  processing  software  supports  tests  for  Allan  deviation  of  phase  '‘"‘j 
time  series^of  phase  and  amplitude,  and  spectra  of  signal,  phase,  and  amplitude.  Each 
distinct  tests  can  be  selected  by  the  operator  with  a single  mouse  click  on  the  display  The  test 
infiglation  parameters  (input  source,  sample  rate,  averaging  time,  etc.)  are  automatically 
loade^d  from  editable  configuration  files,  and  can  also  be  modified  at  the  display  by  the  operator. 

The  samole  clock  for  A-D  conversion  comes  from  a Hewlett  Packard  3325A  synthesizer,  referred 
to  10  MHz  from  the  Reference  Frequency  Distribution  Assembly.  Although  the  A-D  converter 
can  handle  400  kHz,  the  limit  of  the  current  implementation  is  230  kHz^  Nevertheless,  this 
rate  is  adequate  to  handle  two  of  the  widest  baseband  signals  (bandwidth  45  kHz)  from  the 
Deep  Space  Network  Radio  Science  open-loop  receiver.  The  frequency  span  of  spectra  can 
vary  from  50%  of  the  sample  rate  down  to  an  arbitrarily  small  band  about  the  carrier. 

Digital  Signal  Processing  (DSP)  Algorithms 

Vectorized  Processing 

The  signal  processing  routines  run  on  a single-board  computer,  the  40  MHz  Skybolt,  rantaming 
an  Intd  I860,  a floating-point  vector  processor  with  its  own  high-speed  data  cache.  To  achieve 
the  best  computational  throughput  on  this  processor,  we  avoided  recursive  operations,  such  as 
phase-locked^loops  and  recursive  digital  filters,  in  favor  of  sequential,  nonrecursive  operations 
In  large  arrays,  such  as  element-by-element  vector  arithmetic,  inner  products,  finite-impulse 
response  (FIR)  digital  filters,  and  the  fast  Fourier  transform  (FFT),  all  of  which  are  supported 
by\ky  Computer’s  vector  library  and  compiler.  Throughputs  of  25-30  million  floating  point 
operations  per  second  were  achieved. 
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cable  to  A-D  converters  in  the  VME  Assembly  for  other  measurements  of  signal,  phase,  and 
amplitude.  A digital  I/O  assembly  receives  RS232  switch  commands  from  the  computer  to 
address  the  switch  decoders  that  actuate  the  matrix  switches  and  set  attenuation  values. 


Zero  Crossing  Detector 

The  stability  analyzer  employs  two  methods  for  phase  detection;  one  method  using  software 
processing  of  A-D  samples,  and  another  using  a time  interval  counter  15l.  For  the  second 
method,  we  use  a new  design  of  zero  crossing  detector  that  has  reduced  time  jitter  compared 
to  previous  designsHJ.  In  operation,  the  zero  crossing  detector  heterodynes  the  signal  to  1 Hz, 
then  processes  the  1 Hz  output  to  produce  1 Hz  rate,  30  microsecond— wide  pulses  that  are 
sent  over  fiber  optics  to  the  time  interval  counter. 

Time  Interval  Counter 

A HP  5334B  Counter  is  modified  to  accept  inputs  from  the  rear  panel,  and  to  accept  the 
fiber-optic  signal  from  the  zero  crossing  detector  and  a 10  PPS  signal  from  the  reference 
distribution  assembly. 

Reference  Frequency  Distribution 

This  assembly  distributes  a high— stability  10  MHz  station  reference  to  the  frequency  synthesizers 
and  the  time  interval  counter,  and  also  generates  a 10  pulse  per  second  signal  used  by  the  time 
interval  counter  for  phase  detection. 

Environmental  Concerns 

The  stability  analyzer  has  been  designed  to  minimize  influence  of  the  environment  on  mea- 
surements. The  most  environmentally  sensitive  equipment  is  placed  in  the  frequency  standards 
room  where  ambient  temperature  stability  is  better  than  ± 0.1°C.  All  .signals  between  the  100 
MHz  assembly  and  the  stability  analyzer  racks  are  connected  through  fiber  optics  to  eliminate 
groundloops  that  could  induce  powerline  spurious  into  measured  output.  The  analog  electronics 
of  the  100  MHz  and  low  frequency  assemblies  are  temperature  stabilized  with  a thermoelectric 
control  system  that  reduces  room  temperature  variations  by  a factor  of  20.  Magnetic  shields 
around  the  electronics  attenuate  magnetic  fields  by  more  than  20  dB,  thereby  minimizing  pickup 
of  AC  powerline  harmonics. 


Controller  and  Software  Design 

The  Controller  Assembly  consists  of  a Sun  Microsystem  Sparc  2 general  purpose  computing 
system,  with  an  attached  VME  computer  chassis.  The  Sparc  2 performs  the  u.ser  interface 
function,  hardware  control,  and  the  display  and  logging  of  test  results.  The  computer  includes 
an  Integrix  SBus  expansion  unit,  a 1.2  GByte  hard  disk,  a 5.0  Gbyte  Exabyte  tape  drive,  a CD 
ROM  reader,  along  with  the  usual  monitor,  keyboard,  mou.se,  and  laser  printer.  Serial  ports 
are  used  for  communication  with  the  analog  hardware  and  a time  code  translator,  and  an  IEEE 
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Sampling  the  Video  Signal 

We  discuss  here  only  the  processing  of  the  signal  through  the  A-D  converter;  the  pr^es^ng 
of  1-Hz  zero-crossing  signals  through  the  counter  has  previously  been  documentedt  . The 
analog  “video”  signal  is  specified  to  be  a sinewave  with  weak  sidebands  in  a 
band  about  the  carrier.  (The  total  sideband  power  should  not  exceed  about  -30  dBc  ) First 
this  signal  has  to  be  sampled  at  a such  a rate  that  the  sidebands  of  the  digitized  s,gn^ 
faithfully  reproduce  the  sidebands  of  the  analog  signal.  For  example,  ‘j’/ 

MHz  Interface  Assembly  is  a 100  kHz  signal  with  sidebands  between  85  kHz  and  115  kHz. 
If  this  is  sampled  at  80  kHz,  the  sampled  signal,  which  lives  in  a 40  kHz  band,  has  a earner 
at  20  kHz  and  sidebands  between  5 and  .55  kHz.  The  16-bit  A-D  necessarily  adds  its  own 
noise  and  distortion;  fortunately,  by  adjusting  the  sample  rate  one  can  reduce  their  effects  on 
measurement  results  by  whitening  the  noise  and  moving  the  aliased  harmonic  distortion  images 
away  from  the  frequency  band  of  interest. 

Overview  of  Signal  Processing 

To  allow  the  user  to  check  the  overall  quality  of  the  signal,  we  supply  a test  called  “full 
band  spectrum”.  This  test  simply  computes  a spectrum  of  the  sampled  signal  in  the  maximum 
frequency  span  available,  namely,  half  the  sample  rate  U Also  provided  are  snapshot  plots  of 

A-D  samples  vs  time. 

The  main  job  of  the  DSP  is  to  extract  the  phase  and  amplitude  modulations  from  the  digitized 
video  signal  within  a user-selected  frequency  B of  the  carrier.  Two  processes  for  this  are 
supplied,  called  medium  band  and  narrow  band.  Medium  band  is  used  for  B from  /./4  down 
to  / 7256  Narrow  band  is  used  for  for  smaller  values  of  B,  with  essentially  no  lower  bound 
except  that  implied  by  the  user’s  patience.  These  processes  are  described  below.  First,  however, 
we  describe  a vectorized  algorithm  for  sinewave  analysis  that  underlies  much  of  the  processing. 


The  Pony  Computation 


At  the  heart  of  the  DSP  is  a simple  vectorized  algorithm  for  estimating  the  frequency,  phase 
and  amplitude  of  one  batch  of  a sampled  sinewave.  It  was  obtained  by  adapting  Prony’s  method 
of  harmonic  analysisl‘l  to  the  case  of  just  one  harmonic  component,  the  carrier  itself.  G'^en  an 
N-point  data  vector  (x„,  n = 0,. . . A - 1),  we  wish  to  fit  a sampled  sinewave  - A 
The  computation  is  divided  into  two  parts:  Pony  1,  which  estimates  frequency  u;  and  Pony 
2 which  estimates  A and  9.  The  Pony  1 computation  uses  the  obsen/ation  that  the  noiseless 
sinewave  r„  satisfies  the  difference  equation  c„_i+Cn+i  = (2  cos  w)c„.  Accordingly,  we  es  ima  e 
2 cos  cj  as  the  regression  coefficient  of  the  vector  (a:„_i  +x„+i)  on  the  vector  (x„),  where  n 
runs  from  1 to  A - 2.  This  computation  requires  only  two  inner  products,  of  form  and 

plus  some  scalar  arithmetic.  For  use  in  Pony  2 and  elsewhere  we  also  generate  a 
complex  vector  of  powers  u",  where  u = exp(-iu;),  by  means  of  a vectorized  powers  algorithm 
that  takes  advantage  of  the  Skybolt  architecture. 


Pony  2 uses  to  estimate  A and  9 by  .solving  the  two-parameter  least-squares  problem 
L a cos  o;n  - 6 sin  u;n  for  the  unknowns  a and  6.  The  only  vector  computation  needed  is 
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are  combined  by  subtraction  (with  some  adjustments)  to  give  differential  phase,  which  can  be 
post— processed  in  the  same  way  as  single— channel  phase  residuals. 


Spectral  Estimation 

Direct  FFT-based  spectral  estimation  methods  are  usedl’l.  The  sequence  of  operations  applied 
to  a data  buffer  is  detrending,  tapering,  zero-padding  to  a power-of-2  FFT  size,  applying  a 
real  or  complex  FFT,  squaring  the  magnitude,  equalizing  the  lowpass  decimation  filter,  and 
scaling.  Some  of  these  elements  are  discussed  below.  A sequence  of  spectral  estimates  can  be 
averaged  to  produce  a run  .spectrum  with  greater  statistical  stability. 

Spectral  density  of  signal,  phase,  or  fractional  amplitude  deviation  is  displayed  in  units  of 
dBc/Hz,  i.e.,  single-sideband  power  per  Hz  relative  to  total  (carrier)  power,  expressed  in 
decibels.  Thus,  a phase  spectrum  shows  £(/)  = S^{f)/2.  A signal  spectrum  shows  both 
sidebands. 

Each  .spectrum  produced  by  the  analyzer  has  an  associated  resolution  bandwidth  b,  which  is  just 
the  two-sided  noise  bandwidth  of  the  spectral  window.  The  power  of  a narrow  spectral  line  in 

dBc  equals  its  displayed  level  in  dBc/Hz  plus  lOlogjofe.  Both  6 and  lOIogjo^  are  reported  to 
the  user. 

Detrending 

Before  applying  the  FFT  to  a data  array,  this  analyzer  preconditions  the  array  by  subtracting 
a linear  fit  obtained  by  drawing  a straight  line  between  the  centroids  of  the  first  sixth  and 
the  last  sixth  of  the  graph  of  data  vs  time.  This  procedure  removes  both  the  level  and  slope 
divergencies  characteristic  of  certain  processes  with  stationary  second  incrementsfi*!,  and  allows 
the  average  of  many  array  spectra  to  converge  to  a stable  run  spectrum.  This  avoids  a problem 
noticed  by  Waifs,  Percival,  and  IrelanB'l,  who  preconditioned  their  data  by  subtracting  the 
mean;  they  found  that  the  estimated  .spectrum  for  noise  with  a true  spectrum  depended 
on  the  number  of  array  spectra  that  were  averaged.  For  full  band  spectrum,  no  detrending  is 
needed  because  most  of  the  energy  is  in  the  carrier. 


Data  Tapering 

To  avoid  problems  of  energy  leakage  from  high  portions  of  a spectrum  into  lower  portions,  each 
data  array  is  multiplied  by  a tapering  sequence  drawn  from  a family  of  functions  called  discrete 
prolate  spheroidal  sequences  (DPSS).  (Actually,  we  use  a set  of  convenient  approximations,  the 
trig  prolates  developed  by  GreenhallB^I.)  For  full  band  and  medium  band  spectra,  we  use 
a single  bell-shaped  taper  from  this  family.  For  narrow  band  spectra  we  use  a nonadaptive, 
unweighted  version  of  Thomson’s  multiple-taper  methodliz. ’1.  An  array  of  detrended  data  is 
tapered  by  four  orthogonal  tapering  sequences,  giving  rise  to  four  distinct  “eigenspectra”,  5q(/) 
through  S3{f).  These  are  averaged  to  produce  the  spectral  estimate  S{f)  for  the  array.  In  a 
broadband  noise  region,  the  Sk(f)  are  approximately  uncorrelated,  and  hence  S(f)  has  about 
one-fourth  the  variance  of  each  Sk{f).  For  a given  frequency  resolution,  the  desired  statistical 
stability  is  achieved  from  fewer  data  arrays. 
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Y,Xnu''.  Then  A and  0 are  obtained  from  i4exp(i0)  —a  + ib. 


Medium  Band  Processing 

This  mode  of  processing  operates  by  a sequence  of  mixing  and  filtering  to  extract  the  complex- 
valued analytic  signal,  containing  only  the  power  from  the  positive-frequency  side  of  the 
original  waveform  I’l,  from  which  the  amplitude  and  phase  modulations  can  be  extracted  by  a 
rectangular-to-polar  operation.  The  Pony  1 calculation  estimates  the  carrier  frequency  U and 
a mixing  signal  exp(-i27r/,/)  is  generated  by  the  powers  algorithm.  After  the  right-hand  part  of 
the  carrier  is  mixed  to  zero  frequency,  a FIR  lowpass  decimation 

the  other  part  of  the  carrier  and  to  select  the  desired  frequency  span  {-B,  B).  The  result 
the  desired  analytic  signal  within  B of  the  carrier,  shifted  to  zero  frequency. 

The  analytic  signal  is  the  basis  of  all  further  processing.  If  a signal  wanted,  then 

a two-sided  spectnim  is  generated  after  removing  the  DC  component  (the  f 
amplitude  or  phase  are  wanted,  then  a rectangular-to-polar  operation  is  apphed  and  the  phase 
sequence  unwrapped  from  (-tt,  tt).  (Wan,  Austin,  and  Vilarl*!  give  a more  efficient  unwrapping 

method.) 


Narrow  Band  Processing 

In  this  mode  of  computation,  the  A-D  data  for  the  whole  run  are  processed  in  contiguous 
batches  of  size  A,  each  of  which  is  analyzed  by  both  parts  of  the  Pony  computation  to  produce 
a sample  of  batch-averaged  frequency,  amplitude,  and  phase.  The  bandwidth  of  the  ‘Extracted 
amplitude  and  phase  samples  is  fJ{2N).  Because  of  the  efficiency  of  the  Pony  c»mputati  , 
the^DSP  can  keep  up  with  the  stream  of  A-D  samples  at  the  highest  rate  of  the  A-D  converter, 
400  kHz,  although,  as  mentioned  above,  the  analyzer  is  currently  limited  to  a total  sample  rate 

of  230  kHz. 


For  computational  efficiency,  N has  to  be  at  least  200.  To  save  storage,  we  allow  batches  no 
greater  than  a designated  maximum  batch  size  (now  8192).  Because  we  also  wish  to  allow 
arbitrarily  small  analysis  bandwidths,  the  batch  averages  can  themselves  be  averaged  together  in 
groups  of  arbitrary  size  r to  produce  samples  with  bandwidth  /J(2Ar).  In  choosing  this  cru  e 
lowpass  decimation  method,  we  accepted  some  aliasing  problems  to  gam  simplicity,  consistency, 

and  efficiency. 


The  phase  information  computed  by  Pony  1 and  2 is  local  to  each  bateh,  and  is  known  modulo 
27t  only  We  have  devised  an  algorithm  to  process  the.se  local  data  into  a sequence  of  global 
phase  residuals;  it  is  essentially  the  same  as  the  algorithm  used  for  processing  the  1 Hz  zero 
crossing  counter  readingst^l.  For  the  algorithm  to  succeed,  the  frequency  must  be  changing 
slowly  enough  from  batch  to  batch  so  that  the  current  batch  phase  can  be  predicted  from 
earlier  ones  within  tt.  The  algorithm  issues  an  alarm  if  any  prediction  error  exceeds  7r/2  in 

absolute  value. 


The  low-rate  sequence  of  amplitude  and  phase  residuals  extracted  by  the  narrow  band  process 
can  be  subjected  to  a variety  of  post-processing  functions,  including  time-senes  display,  s^pectral 
estimation,  and  Allan  deviation.  For  a two-channel  te.st,  the  phase  residuals  of  the  two  channels 
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Allan  Deviation 


From  a stream  of  narrow  band  or  1 Hz  zero  crossing  phase  residuals,  the  analyzer  produces 
estimates  of  Allan  deviation  with  estimated  drift  removed,  using  the  simple  three-point  drift 
estimator  recommended  by  Weiss  and  Hackmanl‘4i.  The  required  r-overlapped  sums  for  first 
and  second  moments  of  second  r— differences  of  phase  are  accumulated  in  real  time. 

To  generate  conservative  error  bars  for  plus  or  minus  one  standard  deviation  of  Allan  variance, 
we  assumed  a random-walk-frequency  model  of  phase  noise.  Using  a method  of  GreenhallHSI, 
we  carried  out  a numerical  computation  of  the  equivalent  degrees  of  freedom  of  the  drift- 
removed  Allan  variance  estimator,  as  a function  of  A/,  the  number  of  summands.  The  sequence 
of  //  vs  M was  fit  with  a simple  empirical  formula.  Then,  if  a is  the  estimated  Allan  deviation, 
the  reported  error  bar  is 


(t(1  ± (2/i/)’/2)1/2 

Because  of  severe  negative  bias  of  the  drift-removed  estimator  for  small  M,  results  are  reported 
only  for  M > 4. 


Test  Methods 

A series  of  tests  of  the  stability  analyzer  were  conducted  at  JPLs  Frequency  Standards  Laboratory 
in  order  to  demonstrate  first,  that  the  results  of  the  stability  analyzer  agree  with  those  of  other 
measurement  equipment,  and  second,  that  it  meets  its  noise  floor  requirements.  Noise  floor 
results  are  given  in  Table  1. 

Allan  deviation  runs  of  at  least  24  hours  duration  were  carried  out  on  pairs  of  100  MHz 
frequency  standards.  The  results  were  compared  to  those  from  an  existing  FSL  Allan  Deviation 
test  set  and  found  to  agree  within  5%.  The  noise  floor  was  measured  by  splitting  the  single 
output  of  an  H-maser  and  applying  it  to  two  inputs  of  the  stability  analyzer.  These  tests  were 
carried  out  in  both  zero  crossing  detector  mode  and  the  narrow  band  phase  modes. 

Time  series  of  differential  phase  were  tested  using  a HP  3326  dual  channel  synthesizer  as  the 
input  source.  The  two  outputs  of  the  synthesizer  were  manually  steered  in  frequency  to  produce 
phase  drifts  of  known  amplitude.  Comparison  was  made  to  the  results  from  a HP  8508  phase 
meter,  and  also  to  a strip  chart  recording  the  phase  difference.  This  last  signal  was  developed 
by  simple  mixing  between  the  two  outputs  of  the  .synthesizer.  These  tests  were  also  run  with 
both  channels  of  the  .synthesizer  set  at  the  same  frequency  for  at  least  15  hours,  to  observe  the 
noise  floor. 
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Table  1. 

Stability  Analyzer  Noise  Floors  I 

Test 

Input  Source 

Allan  Deviation 

100  MHz 

tail 

sigma 

1 sec 

6 X 10~’'^ 

10  sec 

2 X 10-1'^ 

100  sec 

2 X 10“'® 

1000  sec 

3 X 10“'’' 

Phase  Spectrum 

100  MHz 

Freq. 

Spectral  Density 

1 Hz 

-126  dBc/Hz 

10  Hz 

-1.35  dBc/Hz 

>100  Hz 

-142  dBc/Hz 

Signal  Spectnim 

baseband 

1 Hz 

-92  dBc/Hz 

10  Hz 

-97  dBc/Hz 

>100  Hz 

-98  dBc/Hz 

Phase  Spectrum 

1 Hz 

-98  dBc/Hz 

10  Hz 

-104  dBcVHz 

>100  Hz 

-105  dBc/Hz 

Amplitude  Spectrum 

1 Hz 

-70  dBc/Hz 

10  Hz 

-85  dBc/Hz 

>100  Hz 

-88  dBc/Hz 

Diff.  Phase 

baseband 

Avg.  Time 

Phase  Error 

1 sec 

<0.001  deg  rms 

L 

1000  sec 

<0.04  deg  rms 

Spectra  were  tested  in  a variety  of  ways.  The  signal  sources  were  two  H-masers  for  the  100 
MHz  inputs,  one  H-maser  and  an  HP  8662  synthesizer,  or  one  or  two  HP  3325  synthesizers 
for  the  baseband  analog  inputs.  In  the  latter  two  cases,  one  synthesizer  was  modulated  either 
by  another  synthesizer  to  simulate  spurious  signals,  or  by  a HP  3561  noise  source  to  simulate 
phase  noise.  The  spectrum  was  then  compared  to  the  results  from  a HP  3589  or  3561  spectrum 
analyzer.  The  results  agreed  within  a typical  2 dB  peak-to-peak  variation  between  spectral 

bins.  For  noise  floor  tests,  a single  H-maser  signal  was  divided  and  applied  for  comparison  at 
two  inputs. 
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Stability  analyzer  in  a typical  DSN  installation. 


Fig.  2. 


Stability  analyzer  rack  arrangement. 


232 


100  MH2 

MIXER* 

1O0 

KHz 

FO 

FILTER 

XMTR 

SWITCH 

DECODER- 

DRIVER 

DIGITAL 

RS  232 

1^0 

FO 

MODEM 


TEMPERATURE 
CONTROL  AND 
MONrrOR 


OUTPUT  TO  RSA 
-LOW-FREOUENCY 
INTERFACE 


OVERTEMPERATURE 

ALARM 


Fig.  3. 


100 


MHz  interface  block  diag 


ram. 


Fig.  4. 


Low  frequency  interface  block 


diagram . 


233/234 


N95- 32335 


5/6-  ya 


6 >2.^'  /' 

A Globally  Efficient  Means  of  Distributing  / 
UTC  Time  Frequency  Through  GPS 


John  A.  Kusters,  Robin  P.  Giffard  and  Leonard  S.  Cutler 
Hewlett-Packard  Co. 

David  W.  Allan,  Allan’s  TIME 
Mihran  Miranian,  U.S.  Naval  Observatory 


Abstract 

Time  and  frequency  outputs  comparable  in  quality  to  the  best  laboratories  have  been  demonstrated 
on  an  integrated  system  suitable  for  field  application  on  a global  basis.  The  system  measures 
the  time  difference  between  1 pulse-per-second  (pps)  signals  derived  from  local  primary  frequency 
standards  and  from  a multi-channel  GPS  CIA  receiver.  The  measured  data  is  processed  through 
optimal  SA  FiUer  algorUhms  that  enhance  both  the  stability  and  accuracy  of  GPS  timing  signals. 

Experiments  were  run  simultaneously  at  four  different  sites.  Even  with  large  distances  between 
sites,  the  overall  results  show  a high  degree  of  cross-correlation  of  the  SA  noise.  With  sufficiently 
long  simultaneous  measurement  sequences,  the  data  shows  that  determination  of  the  difference 
in  local  frequency  from  an  accepted  remote  standard  to  better  than  1 x 10“*^  is  possible.  This 
method  yields  frequency  accuracy,  stability,  and  timing  stability  comparable  to  that  obtained  with 
more  conventional  common-view  experiments.  In  addition,  this  approach  provides  UTC(USNO 
MC)  in  real  time  to  an  accuracy  better  than  20  ns  without  the  problems  normally  associated  with 
conventional  common-view  techniques. 

An  experimental  tracking  loop  was  also  set  up  to  demonstrate  the  use  of  enhanced  GP.S  for 
dissemination  of  VTC(USNO  MC)  over  a wide  geographic  area.  Properly  disciplining  a cesium 
standard  with  a multi-channel  GPS  receiver,  wUh  additional  input  from  VSNO,  has  been  found  to 
permit  maintaining  a timing  precision  of  better  than  10  ns  between  Palo  Alto,  CA  and  Washington, 


Introduction 

Because  GPS  provides  time  traceable  to  Coordinated  Universal  Time  (UTC),  and  its  rate  is 
syntonized  with  the  international  definition  of  the  second,  it  provides  a world-wide  resource 
for  time  and  frequency  with  heretofore  unprecedented  accuracies  and  precisions. 

Although  selective  availability  (SA)  limits  navigation  and  position  accuracy  to  slightly  better 
than  the  100  meter  specification,  a method  of  filtering  the  SA  noise  has  been  developed  for 
timing  during  the  past  year.  This  method  provides  enhanced  GPS  (EGPS)  operationf‘1. . The 
EGPS  approach  has  been  shown  to  provide  a real-time  UTC(USNO  MC)  with  stabilities  of 
a few  nanoseconds  and  frequency  stabilities  of  1 x The  EGPS  timing  technique  is  a 

systems  approach.  The  quality  of  the  output  will  depend  on  the  clock  used  with  the  receiver. 
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INTENTIONALLY  BLANK 


An  EOPS  clock  based  on  a high  quality  quartz  oscillator  has  demonstrated  timing  stabilities  of 
20  ns  rms,  long-term  frequency  stability  of  better  than  1 x I0-”,  and  elimination  of  frequency 
drift  and  reduction  of  environmental  effects  on  the  system  outputl‘1. 

GPS  timing  is  becoming  extremely  important  to  society  and  to  science.  Major  users  include  the 
Bureau  International  des  Poids  et  Mesures  (BIPM),  which  provides  the  standard  for  ^ 
frequency,  UTC;  45  national  timing  centers;  NASA  JPLs  Deep  Space  Network,  the  world-wide 
measurement  of  the  rapid-spin  rates  of  the  millisecond  pulsars;  NIST  s global  time  service, 
NASA’s  timing  of  space  platforms;  and  numerous  other  calibration  and  timing  laboratories. 

Of  the  six  different  methods  of  using  GPS  for  timingl^l,  three  are  the 

are  GPS  direct,  EGPS,  and  GPS  Common-View.  Of  these,  EGPS  has  by  far  the  best 
performance/cost  ratio. 

GPS  common-view  requires  that  the  clock  sites  participating  use  single  satellites  a^ording  to  a 
pre-arranged  schedule  and  exchange  data.  A different  approach  (EGPS)  will  yield  essentially 
L same  data  almost  in  real-time,  but  with  a simplified  procedure.  A multi^hanne  GPS 
receiver  approach  permits  looking  at  all  satellites  in  view.  Even  at  continental  distances, 

common  saLlites  are  viewed  most  of  the  time.  Thus,  a high  degree  ^ 

expected  even  with  sites  on  opposite  sides  of  a continent.  Rather  than  using  a single  satellite 
for  a relatively  short  period  of  time  and  sharing  raw  data  to  determine  frequency  and  im 
chanees  EPGS  uses  proper  processing  of  data  from  all  available  satellites  to  o am  ime 
X-iofbefwLn  fh"  lo'cal  Lu  aud  &TC(USNO  MC),  aa  broad^a,  >>y 
of  the  remote  clock  can  be  compared  directly  with  the  broadcast  value  of  UTCfUSNO  MC)  or 
with  similar  data  received  directly  from  USNO.  These  comparisons  have  accuracy  uncertainties 

of  10-’^,  or  less  than  10-'^  respectively. 

Long  integration  times  require  the  use  of  clocks  that  exhibit  sufficient  long-term  stabilky  to 
maiLin  stable  time  and  frequency.  Presently,  commercially  available 
frequency  standards  exhibit  typical  accuracy  of  « 2 x long-term  stabi  ity 

1 X 10-1'*  beyond  1 week),  with  minimal  environmental  sensitivity.^  A feature  of  these  standards 
is  that  they  operate  as  steerable  clocks.  The  output  time  and  frequency  can  be  controlled  by 
known  amounts  so  that  they  agree  with  an  external  reference.  These  clocks  may  be  ^sembled 
together  to  improve  robustness  of  the  system.f^l  The  ensemble  output  can  be  shown  to  be  better 
th!n  the  best  physical  clock  in  the  system.  Reliability  is  enhanced  sin^  the  system  continues 
uninterrupted  with  only  some  loss  in  performance  should  any  one  of  the  clocks  fail. 

Timing  signals  are  now  available  from  the  full  GPS  constellation  of  24  or  more  satellites  offering 
world^vide,  multiple  satellite  timing  information  referenced  to  UTC(USNO  MC)  with  a high 
level  of  redundancy,  reliability,  and  robustness.  In  addition,  low-cost  commercial  multichannel 
GPS  C/A  receivers  with  1 pps  outputs  are  available. 


SA  Filtering 

Until  now,  a significant  problem  with  using  GPS  has  been  the  imposition  of  Selective  Availability 
(SA).  SA  is  an  intentional  modulation  added  to  the  satellite  clock  signal  such  that  a non-secure 
receiver  cannot  achieve  full  dynamic  position  accuracy.  The  recent  development  of  effective. 
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UTCCUSNOMcrLr^^^^ 

of  abo„,  ±20'"„.s  'T  “'’I 

access  to  IITr  A..  to  uic,(UbNO  MC),  the  system  described  provides  a real-time 

UTCrUSNO  MC^  are^  ^ difference  between  UTC  (via  GPS)  and 


Experimental  Results:  Part  I 

f il>,“"‘'  l”'*'  '™"  <iat»  w^e  taken  at  font  sites.  These  were:  the 

Technltoly  (NISTr*Bl.ilfr'^ro  ^“'’.'"®“‘"’  National  Institute  of  Standards  and 

gy  i 15>1),  Boulder,  CO,  Hewlett-Packard  Laboratories  I'HPL'i  Pain  Altn  <^a  a 
the  Hewlett-Packard  Santa  Clara  Division  (SCD),  Santa  Clan,  CA.  ’ ' 

wf  tatanld’  ‘xlrr’  ™'Nble,  6-channel  GPS  C/A  timing  receiver 

and  ■ T difference  between  the  1 pps  signal  derived  from  the  GPS  receiver 

time  int  pnmaiy  frequency  standard  was  measured  using  conventional 

SnA  T techniques.  Used  in  this  experiment  were:  the  MasAr  Clocrat 

SNO,  the  output  from  Microstepper  B (tied  to  UTC(NIST)  at  NIST  a single  HP5071A 

^TcD.  standard  at  HPL,  and  an  active  ensemble  of  three  HP5071A  standards 

bme^dAT*  synchronize  the  GPS  1 pps  signals  to  the  local  signals.  The  receiver 

toir^e'cffiTLrorthTr^'^r'v*'' 

from  th  I I ‘he  known  fixed  time  delays  either  in  the  GPS  antenna  or  in  the  1 pps  delav 

SA  BB  i ^rr=s  - 
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-n,e  improvemen.  in  .in,e-domam  s,^ 

the  slope  is  about  -3/2,  indicating  •<  “hite  P n p „j„ced  to  approximately  the 

of  the  filtered  NIST  data.  The  " ™ seconds,  outside  the  stop-band  of  the 

noise  level  expected  /“tf  fhe  same  order  as  the  noise  of  the  UTC^orrected 

?fps'TL  ta^-ed  tr^mal  stability  is  obtained  at  the  cos.  of  a longer  response  time. 

Table  . presents  some  of  the 

lirsrfSv:^ : ir^^^arstX'r,^,  seconds  and  the  uniformity  from 

site  to  site.  /'UPL  and  SCD)  indicates  a high  degree 

A close  examination  of  the  data  in  igure.  . ^ unexpected  since 

of  correlation.  ‘ ‘^^“dts  a.  e-"t'X  -e  time.  A difference  plot  of  the 

both  sites  see  the  same  GP  - * share  a common  binning  scheme, 

data  is  shoivn  in  Figure  6.  As  the  dab-  » P'  “ Xal  selected  pairs  over  the  period  of 

rmroXtnrb:.renri;j"Th^^ 

to  both  sites. 


Experimental  Results:  Part  II 


An  experimental  GPS  tracking  loop  was  set  up  to  ^ experiment 

of  UTC(USNO  MC)  at  a slightly  Laboratories  in  Palo  Alto  CA  using 

consisted  of  steering  a The  effects  of  the  GPS-to-UTC(USNO  MC) 

the  output  of  a delays  were  minimized  by  using  the  readings  from 

a:td"r<«i-  :."uTnO  in  Washington,  DC  .he  output  of  which  was  compared  with  the 

USNO  master  clock. 

over  two  days,  evenly  weighted^  ^jemges  w ^ J ^ computer  data  file  which 

corresponding  to  the  center  o g a y automatically  copied  daily  by  the  computer 

could  be  read  by  ftp  over  Internet.  The  data  y F between 

at  HPL  that  managed  the  tracking  loop.  On  receipt,  the 

one  and  two  days  old. 

iTht  fppi  ^or;ro7'an"HP  forcir  — - hiT  r- g:xTtL 
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preceding  60  minutes  were  averaged  and  placed  in  a data  file.  A second-order  feedback  loop 
as  used  to  steer  the  cesium  standard.  The  inputs  to  the  feedback  calculation  were  the  averaged 
ine  difference  between  the  local  clock  and  the  output  of  the  GPS  receiver,  and  the  averaged 
de  ayed,  data  rom  USNO.  The  USNO  data  was  processed  by  a simple  predictor  o Sate 

fromThT  1 " 7 nt  MC)  time-difference.  This  value  was  subtracted 

me  ce“„rrd  ^ f- 

The  USNO  data  was  subtracted  from  corresponding  2-day  averages  of  the  local  time  differences 
and  summed  into  an  integral  that  was  scaled  to  give  the  frequency  correction  for  the  cesium 
. tandard.  Effectively  over  90%  of  the  1 pps  pulses  at  each  site  were  used  in  the  algorithm  in 

order  to  minimize  SA  and  quantization  noise  in  the  receiver.  A block  diagram  of  the  tracking 
•system  is  .shown  in  Figure  7.  ^ 

Initial  operation  of  the  tracking  loop  extended  over  40  days.  No  independent  check  on  the 
system  accuracy  with  comparable  resolution  was  available,  so  the  results  were  analyzed  on  the 

with  the  USNO  two-day  averages  subtracted.  The  distribution  is  acceptable,  with  an  rms  value 

Th  7'^  ^y  frequencies  lower 

h the  loop  cut-off,  or  noise  that  is  coherent  at  both  locations.  This  noise  level  compares 

Zvs  Th  Ih'^lf  7'$ ^ calculated  for  2 

ays,  which  IS  3.5  ns  The  noise  in  the  tracking  loop  is  shown  in  Figure  9,  which  shows  the 

an  devi^ion  calculated  for  the  frequency  corrections  applied  each  6 hours  to  the  cesium 
.standard.  The  deviations  are  compatible  with  the  noise  expected  from  the  cesium  standard 
when  the  loop  transfer  function  is  taken  into  account.  At  4 days  the  Allan  deviation  of  the 
frequency  corrections  is  1.5  x IQ-'l  This  represents  the  rms  total  of  the  cesium  standard  noise 
and  the  noise  introduced  by  the  GPS  tracking  loop  including  SA. 

This  performance  suggests  that  excellent  results  can  be  obtained  with  time-tracking  loops  using 
mull, .<hannel  GPS  receivers,  even  in  the  presence  of  SA.  For  good  time  resolution,  a high 
2^1,' o '’'^‘‘1  ' 's  e.ssential.  The  performance  of  the  loop  described  could  be  improved 
by  better  algorithms  for  estimating  the  real-time  GPS-UTC(USNO  MC)  difference  and  for 
minimizing  dnirnal  effects  in  the  GPS  data.  The  performance  of  this  loop  will  also  depend 
on  the  dynamics  and  magnitude  of  the  OPS-UTC(USNO  MC)  time  difference,  which  was 
comparatively  small  during  this  experiment. 


Summary 

The  full  set  of  data  indicates  that  the  EGPS  technique  permits  a stable  local  clock  to  be  steered 
at^urately  to  UTC(USNO  MC)  using  the  GPS  timing  .signal.  The  experimental  results  i^^tf 

Aitls  u ^ transfer  accuracies  of  a few  are  possible 

fixed  time  delays  in  these  experiments,  it  appears 

lir^  ts  oIrX"  I ^ to  the  performance 

limits  of  the  GPS  system  if  the  system  delays  are  carefully  determined. 


239 


Acknowledgments 


Th.  authors  sincerely  acknowledge  the  active  assistance  of  personnel  from  the  Unked  States 
iataro— Tand  tctor  Zhang  and  Marc  Weiss  of  the  Time  and  Fre<,ncncy  D,v.s.o„  of 
the  National  Institute  of  Standards  and  Technology. 


References 

111  J A Kusters  et  al„  “/I  No-drift  and  less  than  1 x Long-term  Stability  Quartz  Os- 

« 6 PS  SA  FiU.,r  Proceedings  offhc  1994  'ff  f 
Control  Symposium,  IEEE  Catalog  No.  94CH3446-2,  pp.  572-577,  June  1994. 

[2]  D.W.  Allan,  et.al.,  ‘‘Civil  GPS  Timing  Applications,  ” presented  at  the  1994  ION  GPS-94 
Conference,  Salt  Lake  City,  Sept.  1994. 

I3l  J L Johnson  and  J.A.  Kusters,  M New  Cesium  Beam  Frequency  Standard  ^ 

formance  Data,”  Proceedings  of  the  1992  IEEE  Frequency  Control  Symposium,  IEEE 
Catalog  No.  92CH3083-3,  pp.  143-150,  June  1992 

141  S R Stein  “Advances  in  Time  Scale  Algorithms,”  Proceedings  of  the  Precise  Time  and 
‘ re’rval  Applications  and  Planning  Meeting,  NASA  Conference  Publication  3218, 

pp.  289-302,  Dec.  1992. 

r-;l  nW  Allan  and  WP.  Dewey,  “Time-Domain  Spec.trmm  of  GPS  SA,”  Proceedings  of 
Ihe  ION  GPS-93,  Sixth  International  Technical  Meeting  of  the  Satellite  Division  of  the 

Institute  of  Navigation. 


240 


Figure  1 . GPS  vs.  USNO  Master  Clock  --  300  second  binned  data 


Figure  2.  GPS  vs.  NIST  Microstepper  B --  300  second  binned  data 
corrected  for  offset  and  slope. 
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Cesium  Standard  Steering  Commands 

Computer 

re  7. 


Block  Diagram,  GPS  Disciplined  Cesium  Standard 


Figure  9.  Allan  Deviation,  HP507 1 A Disciplined  to  UTC(USNO  MC), 
steering  data 


USNO  NIST  SCD 

Offset  (ns) 

Rate  (ns/day) 

Oy(T=300  sec)  - original  data 
ay(x=300  sec)  - filtered  data 

Table  1 Experimental  Results,  Part  I 


USNO  - NIST 

0.67 

NIST  - SCD 

0.76 

SCD  - HPL 

^ 0.96 

Table  2 Normalized  Cross-correlation  Coefficients,  Part  I 


1.30x10 


2.71x10 


1.28x10 


2.69x10'^^ 


1.26x10 


2.63x10 
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..  Ultra  wideband  measurements  (f  = 0.1  Hz  to  1 GHz) 
. Integral  AM  and  PM  noise  standards 
:.  Ultra  low-noise  PM  and  AM  measurement  systems 
S(f)s-190  dBc/Hz) 


NOISY  SIGNAL 


POWER  SPECTRAL  DENSITY 


WAVE  THEORY  REVIEW 


a 


PHASE  AND  AMPLITUDE  FLUCTUATIONS 


=[F,  +£{()]cos{2nvJ +</>{t)) 
phase  =lnvj  +(j>{t) 


0){t)  =— [phase] 
dt 

v(/)  = — —[lnvJ+<l)[t)\ 
In  dt 

v{t)  = K+  —--;r<K‘) 

In  dt 


Fractional  frequency  deviation 

v{t)-v^  1 


l/tV^  (It 


m 


perfect  signal 

K(/)  =^^.cos(2;TF.r) 
phase  -Ircvj 


T = period  = 


Fourier  Transform: 

V(0 


) 1 

frequency 


PHASE/AMPLITUDE  NOISE  RELATIONSHIPS 


ia«(ni'  1 

k’  BW 


KO- 


1 d 
Inv.  dt 


' <CO 

■ <00 

'■k' 

m 

derivative  in  lime  = multiplication  by  ® in  freq 
= multiplication  by  in  spectral  density 

5,(/) 

\lnv,\ 

S,{n=[j\"S^\f)  0<f<oo 
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0 =A»'o  - 0 +A»'o  + f) 


POWER  SPECTRAL  DENSITY  OF  A NOISY 
SIGNAL 


^ ~2  ^ 


^^^=10Iog(^(  f)) 


-1c  0 <c  • 


Double  side-band  spectral  density: 


^(/)^ 


•^//) ’^•5'.(/)] 


^ ^ f < oo 
4 

1(0  - integrated  phase  modulation  due  to  pedestal 
<!•(/)  — carrier  with  frequency  i'X 


Power  in  carrier  = 


for  ^ ( / ) < < I 


RMS  PHASE  DEVIATION 


FREQUENCY  MULTIPLICATION/DFVISION 
EFFECTS  ON  PM  NOISE 


<p\f) 


BW 


f^BWp, 

\s^{f)df  racf 

f-BWp. 


Frequency  Multiplication 


FREQUENCY  DIVISION: 


V 


o2 


/V- 
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Simple  PM  Measurements 


FREQUENCY  TRANSLATION 


BASIC  CONFIGURATIONS  OF  NOISE 
MEASUREMENTS 


HPF 


VR(tl 


+-S*r(^ 

WHERE  *>2  = *'1  + ^ R 

f*Vg)  = PM  NOISE  OF  REFERENCE  SIGNAL 
Si^ji  0 “ PM  NOISE  ADDED  BY  THE  TRANSLATOR 
•S^c  Cw  j)  depends  on  the  details  of  the  TRANSLATION 


LPF 

mixer 

VI  (1) 

V2(t) 

1^1(0 

(/)  ={V^  ■ffjCOlcosUxi'of + ^2! 

=4^{cos[2/K2-o)^ +1^.  +^,l+cos[(#, 

=^^^lcos(^,  -^,)1 

am  ~ ^ 

PM  =>^, -4>t  + 
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NOISE  FLOOR  IMPROVEMENT  USING  FREQUENCY 
MULTIPLIERS 


u.  U 


DISCUSSION  OF  DIRECT  PHASE  COMPARISON 


ADVANTAGES 

HIGHEST  RESOLUTION  (LOWEST  NOISE  FLOOR) 

NOISE  FUX)R  MEASURED  WITH  INFERIOR  OSCILLATOR 

VERY  WIDE  BAND  PERFORMANCE 

INEXPENSIVE 

DISADVANTAGES 

REQUIRES  A REFERENCE  OF  COMPARABLE  STABILITY 

REQUIRES  PHASE-LOCKED-LOOP  (PLL)  TO  MAINTAIN 
5^  < O.I  rad 

CALIBRATION  DIFFICULT  FOR  f « PLL  BW 
SENSITIVE  TO  HARMONIC  DISTORTION 
FREQUENCY  RESPONSE  DEPENDS  ON  POWER  & LOAD 
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measurement  of  S^O  using  a DEIAY  LINE 


DIRECT  FREQUENCY  COMPARISONS  DIRECT  PHASE  COMPARISONS 


Diode  Detector 
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Simple  AM  Measurement 
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Fundamental  Concepts  and  Definitions 
in  PM  and  AM  Noise  Metrology 

TUTORIAL  - QUESTIONS  AND  ANSWERS 


Note  from  the  editor 


The  questions  were  asked  at  various  points  during  the  presentation.  They  were  transcribed  and 
are  pre.sented  here  at  the  end  of  each  tutorial. 

JIM  COMPARO  (AEROSPACE  CORP.):  So  S',,  is  the  power  spectrum  density  of  that 
full  voltage  signal? 

EVA  PIKAL  (NIST):  Yes. 

JIM  COMPARO  (AEROSPACE  CORP.):  And  the  first  you  said  was  what? 

EVA  PIKAL  (NIST):  The  carrier. 

JIM  COMPARO  (AEROSPACE  CORP.):  I see  three  terms  there.  One  is  contribution 
due  to  the  phase  noise;  one  is  a contribution  to  the  amplitude  noise;  and  then  there’s  a term 
out  in  front.  And  what  is  that? 

EVA  PIKAL  (NIST):  That’s  just  a carrier,  right?  That’s  - you  know,  if  it  were  ideal,  it 
would  just  be  a delta  function  at  the  frequency  of  o.scillation. 

JIM  COMPARO  (AEROSPACE  CORP.):  I gue.ss  my  question  is  - and  maybe  I’m  getting 
way  ahead,  but  if  there  is  .some  correlation  between  the  amplitude  noise  and  the  phase  noise, 
then  the  power  .spectrum  of  the  voltage  wouldn’t  necessarily  be  symmetric,  would  it?  And  so 
would  it  be  fair  to  sort  of  consider  these  things  as  folded  over  on  top  of  one  another? 

EVA  PIKAL  (NIST):  I believe  this  assumes  there  is  a correlation  between  AM  noise  and 
PM  noise  in  the  signal. 

MARC  A.  WEISS  (NIST):  I am  looking  at  “requires  a reference  of  comparable  stability.” 
I thought  you  said  we  could  use  the  oscillator  under  test  as  a reference  as  well. 

EVA  PIKAL  (NIST):  That’s  to  measure  the  noi.se  floor.  You  need  a dift'erent  reference 
to  measure  phase  noise  of  the  test  oscillator.  You  need  another  oscillator.  To  measure  the 
noise  floor,  you  need  to  use  the  single  oscillator  to  get  rid  of  the  noise  of  the  .source  and  the 
reference. 
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II  DISCUSSION  OF  ERROR  MODELS  FOR  FM 

and  am  noise  measurements 

Fred  L Walls 

(iroup  leader  for  Phase  Noise 
NIST 

(303)  497  3207-Voicc.  (303)  497  646 1 -FAX. 
walls@bldrdoc  gov-!ntcmcl 


\ F:rror  model  for  PM  noise  measurernems 
H l^rror  model  for  AM  noise  measurcmenls 
t PM  and  AM  noise  models 
()  C on  version  of  PM  dalaiooy(t)  and  modoy(i) 
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PTTI  1994 


FRROK  MODKI.  FOR  PM  MKASUREMFN  I S 

! DBTFRM [NATION  OF  K 

2 DETERMINATION  OF  AMPLIFIER  G(0 

3 PLL  EFFECTS  (IF  ANY) 

4 CONTRIBUTION  OF  AM  NOISE 
^ harmonic  DISTORTION 

6 CONTRIBUTION  OF  SYSTEM  NOISE  FLOOR 

7 CONTRIBUTION  OF  REFF  RENCE  NOISE 
g STATISTICAL  CONFIDENCI:  OF  DATA 

9 LINEARITY  OF  SPECTRUM  ANALYZERS 

10  accuracy  OF  PSD  FUNCTION 


I.  DETERMINATION  OF  K 
TRANSDUCER  SENSITIVIl  \ DEPENDS  ON 

A Frequency 

B Signal  power  and  impedance,  reference  power  and  impedance 
C,  Mixer  icrmination  at  all  three  ports 
D Cable  lengths 

ACCURACY  OF  DETERMINATION  DEPENDS  ON  DECREE 
ABOVE  PARAMETERS  HELD  CONSTANT  PLUS 

A Symmetry  of  waveform 
B Signal’to-noise-ralio 

C Phase  deviation  from  90"-depcnds  on  noise  level,  dc  offset-may 
depend  on  f 

CALIBRATION  CONDITION  MUST  REPLICATE  THE 
MEASUREMENT  CONDITION  AS  ( LOSELY  AS  POSSIBLE 


1 IMF  AND  FREQUENCY  DIVISION  NIST 
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TIME  AND  I'REQULNC  V DIVISION.  NIST 
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2.  DKTERMINATION  OK  AMPLIKIKU  CAIN  VKRSUS 
FOliRIER  OFKSKT 

(;(f)  DEPENDS  ON 

A Intrinsic  amplincrG(0 
B Mixer  output  impedance 

C Signal  power,  impedance,  and  cable  length  through  B 
B Reference  power,  impedance,  and  cable  length  through  B 

acciiracy  of  determination  depends  on  the 
DECREE  above  PARAMETERS  HEl.l)  CONSTAN  I PLUS 

A Linearity  and  slewing  rate  of  ampbricr 
CALIBRATION  condition  MI  ST  REPLICATE  HIE 

measurement  condition  as  < losely  as  possible 


TIME  AND  FREQUENCY  DIVISION.  NIS I 
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PLl.  relations 


3.  PLL  EFFECTS  (IF  ANY) 

attenuation  of  the  low  frequency  phase 
deviation  can  be  reduced  by 


A Normal  PLL  loop  Results  may  be  altered  by  additional  fillers  in 
electronic  frequency  control  (EEC)  path 

B Signals  that  propagate  through  the  power  sources  of  the  two 
oscillators 

C Signals  that  propagate  through  the  air  to  pull  the  frequency  of  one  or 
both  signals 

E Signals  that  propagate  through  the  measurement  system  (mixer)  to 
pull  the  frequency 

F Injection  lock  feedback  from  the  cavity  discriminator  or  delay  line 
discriminator 


PLL  EFFECTS  SHOULD  BE  MEASURED  IN  SITU  SINCE 

many  effects  in  the  efc  path  are  hidden. 


ERRORS  IN  PARAMETERS  l-J  ARE  OFTEN  CORRELATED 
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time  and  frequency  division.  NIST 
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TIMF  AND  FREOITNCY  DIVISION  NIST 


4.  CONTRrBlJTIONOI  AM  NOISE 


AM  TO  PM  C ONVERSION  IS  ON  I VERSA  I 

A.  Occurs  via  non-linear  process 

B.  Typically  -15  to  -25  dB  in  double  balanced  mixers 
C\  Can  reach  - J dD  in  some  amplifirrs 

D.  Sets  the  noise  floor  in  many  measurements 


TIME  AND  FREQUENCY  DIVISION.  NIST 
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5.  HARMONIC  DISTORTION 


A.  Harmonics  of  signal  and  reference  contribute  to  K and 
detected  noise 

B.  PM  noise  on  harmonics  may  not  be  same  as  fundamental 

C.  Sensitivity  depends  on  power,  impedance,  harmonic 
number 
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TO  GET  NOISE  FLOOR  SET  A - B HARMONIC  SENSITIVITY  OF  MIXER  VS  RF  AND  LO  POWER  IN  dB 
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8.  STATISTICAL  CONFIDENCE  OF  THE  DATA 
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STATISTICAL  UNCENTAINTY  OF  FI-T 
SPECTRAL  DENSITY  MEAUREMENTS 
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NMh  AND  FRtQUh'NC  >'  DIVISION 


RmSi  1000 


SIATISTK  Al  UNCKM  AIN  I V ()l  ' 

lU-  SPKCI  KAL  DKNSn  V MKAlIRKMl  N I S 


9.  LINKARH  Y OF  SPKCTRUM  ANALYZER 
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10.  accuracy  OF  THE  PSD  FUNCTION 

DEPENDS  ON 
A.  Signal  type 

Use  flat  lop  window  lor  bright  lines 
Use  Hanning  window  for  noise 

B Window  function  nnd  Fourier  frequency  (leakage) 
f should  be  less  than  span/23  for  Flat  top  window 
f should  be  less  than  span/75  for  Flat  top  window 
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ORIGINAL  PApe  IS 
OF  POOR  tJUAUTY 
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t U«()U  MOI)i:i  i <>«  MKASUUKMKN rs 


1 . DETERMINATION  OF  Ka 


1 Din  iRMlNATlONOF  K 

2 [)f-Ti;RMINATION  OF  AMPLIFIER  G(0 

^ CONTRIBUTION  OF  SYSTEM  NOISE  FLOOR 
4 STATISTICAL  CONFIDENCE  OF  DATA 
> I INI  ARITY  OF  SPECTRUM  ANALYZERS 
f,  At  C URACY  OF  PSD  FUNCTION 


DETECTOR  SENSITIVITY  DEPENDS  ON 

A Carrier  frequency 
B Signal  power  and  impedance 
C Delcctor  lerminaiion  both  ports 
D Cable  lengths 
L Fourier  frequency 

Sensitivity  to  Fourier  frequency  is  often  difficult  to  measure  due  to 
bandwidth  of  most  AM  modulators 


CALIBRATION  CONDITION  MUST  REPLICATE  THE 
MEASUREMENT  C ONDITION  AS  CLOSELY  AS  POSSIBLE 
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2.  determination  of  AMPLIFIER  G(0 


3.  CONTRIBUTION  OF  AM  SYSTEM  NOISE  FLOOR 


Depends  on 


A Noise  ftoor  difficult  to  measure  in  single  channel  systems 
B Cross-correlation  can  be  used  to  determine  noise  ftoor  (part  III) 


A Detector  output  impedance 

B Signal  power,  impedance,  and  cable  length  through  A 
C Fourier  frequency 


CALIBRATION  CONDITION  MUST  REPLICATE  THE 
MEASUREMENT  CONDITION  AS  CLOSELY  AS  POSSIBLE 
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MEASUREMENT  ( ONDITION  AS  CLOSELY  AS  POSSIBLE 
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MODEL  FOR  PM  IN  AMPLIFIERS  5 MHz  AM  and  Phase  Noise 
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Fourtor  Frtqutncy  (kHz) 


PHASE  NOISE  RELATIONSHIPS 


I IMI  ANn  FRFQUFNC  Y OlVIStON,  NIST 


OF 


pm  1994 


TIMF  and  frequency  DIVISION,  NISI  prn  1V94 


Discussion  of  Error  Models  for  PM 
and  AM  Noise  Measurements 

TUTORIAL  - QUESTIONS  AND  ANSWERS 


Note  from  the  editor 


presentation.  They  were  transcribed  and 

are  presented  here  at  the  end  of  each  tutorial. 

(USNO):  I have  a problem  with  what  you  mean  by  “harmonic 

mean  that  a harmonic  ,s  just  something  that  is  some  integer  multiple  of  the  fundamenfal? 
, o you  refer  to  it  as  a partial?  Do  you  mean  something  like  that  which  is  used  in 

l-stmtio^”"l'  harmonics  as  being  a 

istortion.  In  .short,  what  do  you  mean  by  “harmonic  distortion?”  Am  1 being  clear? 

FRED  WALLS  (NIST):  Yeah,  you’re  being  perfectly  clear.  And  I wa.sn’t  very  clear  on 
purpose.  And  the  rea.son  for  that  is  convenience  I guess.  You  can  say  “harmonic  distortion  ” 
or  you  can  say  The  second  harmonic  is  minus  25  dBc,  the  third  harmonic  is  minus  dBc’” 

to  read  out  those  harmonics  in  the  signal,  given  an  LO  of  a particular  size,  as  a power  ratio 
relatwe  to  the  fundamental.  I’ve  normalized  the  sensitivity  of  the  fundamental  to^be  zero  dB 

And  so  you  can  see  that  I can  change  the  .sensitivity  to,  say,  the  third  harmonic  by  20  dB 
eve'^n'/nHHl  7 ‘hat  there’s  an’ 

. , but  I can  j^oint  this  one  out  to  you  where,  in  fact,  the  fifth  and  sixth  have  about  the 

th7thrd7'*^  7 “‘h^r ‘hing  that’s  clear  i.s,  as  you  go  to  higher  and  higher  harmonics, 

that  the  differei^e  between  odd  and  even  tends  to  kind  of  wash  out.  And  by  tuning  you  can 

make  quite  a d^erence  here,  20,  25  dB.  And  .some  mixers  will  be  better  than  others  low-level 

it’s7o  different  than  high-level  mixers,  etcetera.  And  it’s  a complicated  structure  but 

it  s something  you  need  to  be  aware  of.  ’ 

r"  "**^7  7 Sometimes  you  want  to  measure  the  phase  noise  of 

_ignal  up  here,  and  that  s the  LO  that  you  have.  And  if  you  tune  it,  you  can  see  that  you  can 

fil-l  TnS  in'r"“  ""“"S*’  “ '•  “O"'.  maybe 
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NIST  PM/AM  noise 
measurement  system 
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systems  (S(f)  < -190  dBc/Hz) 
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0.001  0.01  0.1  1 10  100 
Modulation  Frequency  (f)  In  % of  Carrier  Frequency 


IS 

OF  tJUALITY 


272 


»66111Xd  :i  ,.« - w I > <•»> 

IIHT  WI  " •* ' 


cd 


V'M 


m 


273 


Stability  of  noise  standard  Use  of  noise  calibration  level 
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Fourier  Frequ«r>cy  (Hri 


Fourier  Frequency  (Hz) 
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State-of-the-Art  Measurement  Techniques 

for  PM  and  AM  Noise 

TUTORIAL  - QUESTIONS  AND  ANSWERS 


Note  from  the  editor 

The  questions  were  asked  at  vatiotis  points  during  the  presentation.  They  were  transcribed  and 
are  presented  here  at  the  end  of  each  tutorial. 

JEFF  INGOLD  (ALLIEDSIGNAL  TECHNICAL);  Does  each  spectrum  analyzer  have  its 

own  amplifier? 

CRAIG  NELSON  (SPECTRADYNAMICS);  Yes.  We  use  a different  amplifier  for  a o 
the  spectrum  analyzers. 

JEFF  INGOLD  (ALLIEDSIGNAL  TECHNICAL);  And  what  kind  of  noise  figure? 
amplifier.  Well,  it’s  important  in  the  design,  obviously. 

JEFF  INGOLD  (ALLIEDSIGNAL  TECHNICAL);  The  overlap  in  the  data,  is  that  the 

cross-correlation  between  spectrum  analyzers? 

CRAIG  NELSON  (SPECTRADYNAMICS);  Ye.,.  Actually,  we 

frequency  spans  in  the  measurements^  thL' we  probaWruse  fte  4W  Hz  span,  a I kilohertz 
■(l::;zr:;:;  ',“oo'’:HzTpar  I";: roi:,  you  L see  .0  selective  levd  meter  takes 

over-  and  then  finally,  here  the  spectrum  analyzer  takes  over. 

Now’ when  we  sweep  the  space-modulated  signal  rnd'lh"r« 

to^d?«e::n:=^^^^^^  can  see  the,  match  up 

cxtr^^mcly  well  with  this  method. 

WAT  PH  PARTRIDGE  (LOS  ALAMOS):  You  seemed  quite  confident  that  you  knew  that 
wem  due  to  the  non-linearity  in  the  analyzer.  How  do  you  come  about 

that? 

r-n  Air  NELSON  (SPECTRA  DYNAMICS):  Well  the  error  terms  are  error  terms  that 
^ ^11*  Wt^  measure  value*  we  don’t  absolutely  know 

:Lr“:™;Xis"l  S't  e^  analysl,  that  we  do  through  all  the  system.  We  hgure 

there  is  a certain  error  budget  to  each  term,  and  we  sum  those  up. 
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Be^  ’’’  «>"fidence  for  the  measurements, 

not  the  errors  Because  if  they  were  errors  and  we  knew  about  them,  we  just  back  them  ou 

and  measure  ,t  But  that’s  the  sum  of  the  errors  from  the  modulator,  th  demodu lato?  the 
amplifier  gams,  POLs  - wouldn’t  affect  that.  uemouuiator,  tne 

thaf'^'^nh  ^ ^ session,  but  do  you  have  any  more  questions?  The  one  thing 

d phase  noise  standard  does  not  handle  is  the  AM  to  PM  conversions.  That’s  one  of  the 
errors  that  one  would  have  to  measure  independently. 

JEFF  INGOLD  (ALLIEDSIGNAL  TECHNICAL):  C.ould  you  back  up  to  I think  it  was 

“>  - »"  - ----- 

CRAIG  NELSON  (SPECTRADYNAMICS):  Well  the  B to  C doesn’t  really  happen. 
FRED  ’WALLS  (NIST):  And  it’s  not  needed? 

CRAIG  nelson  (SPECTRADYNAMICS):  It’s  not  needed,  because  the  noise  - I’m  not 
^aying  you  get  all  three  of  those  measurements.  With  this  technique,  you  only  get  the  noise  of 
the  . ,gnal  .source^  If  you  want  the  noise  of  all  three  o.scillator.s,  you  still  have  to  end  up  doing 

a urements.  But  frequently,  you  have  to  measure  three  oscillators  just  to  get  the  absolute 
noi.se  of  a single  oscillator.  Does  that  an.swer  your  question? 

JEFF  INGOLD  (ALLIED  SIGNAL  TECHNICAL):  Yes. 

(NIST):  All  right,  basically  the  noise  in  this  measurement  system  and  the 

,«em  td"  -i-  i"  measurement  in  thijmeasurem  n 

system  And  so  when  you  do  the  PST  of  the  cross,  those  noise  terms  average  to  zero  as  one 
over  the  square  root  of  the  measurements,  and  they  simply  drop  out.  And*the  fact  that  the 
measurements  are  made  simultaneously,  then  fluctuations  in  the  various  ones  afso  cancel  be.tet 

hat  seq^emially  S-  if  you  did  the  actual  threeir":: 

The  other  difference  is  when  you  do  the  three-corner  hat  .sequentially,  you  end  up  subtracting 

re.sult,  and  not  magnified  by  ’the''differenTe*^,  calibration  here  is  a small  error  in  the  final 

MALCOLM  CALHOUN  (JPL):  Do  you  have  any  preference  between  high-level  mixers  and 
low-level  mixers  in  your  phase  noise  measurement  systems? 


FRED  ’WALLS  (NIST);  It  depends  on  the  power  of  the  source, 
power,  then  a high-level  mixer  gives  me  a little  lower  noise  floor 
then  a low-level  mixer  will  give  me  a better  noi.se  floor 


If  I have  quite  a bit  of 
If  I have  a small  signal. 


281/282 


PANEL  DISCUSSION: 

Joint  Defense  Laboratories  (JDL) 
Timing  Research  Status 

MODERATOR 
Edward  D.  Powers,  jr. 

U.S.  Naval  Research  Laboratory 


PANEL  MEMBERS: 


John  R.  Vig 

U.S.  Army  Research  Laboratory 
and 

Ronald  L.  Beard  and  Frederick  E.  Betz 
U.S.  Naval  Research  Laboratory 


off  ^e’re  going  to  start  this  morning 

^Ihe  L nrtrL  l iTl™,  : J”'"'  Defcn.se  Laboratory  (JDL)  Timing  Research  States 
We  re  going  to  talk  a lot  about  what  is  Reliance  and  what  does  “Reliance”  mean. 

Our  pa^nel  ^ Fred  Betz  from  the  Naval  Re.search  Laboratory  (NRL)  Ron 

Beard  from  the  NRL  and  John  Vig  from  the  U.S.  Army  Research  Laboratory  (AR^dT  Ken 
Johnson  was  enable  to  attend  today.  We’re  also  going  to  leave  the  floor  moTe  or  less  open  for 
questioning  throughout  the  whole  panel  discussion. 

HeWe'™  ■'  «P«fcnce  with  what  is  Reliance 

knowledge  al,7tharF"r1d. 

FREDEWCK  E.  BETZ  (NRL):  I don't  have  a prepared  speech.  I did  ge,  involved  in  the 

,h  "’“"‘>8'^'  volunteered  me  a couple  years  ago,  in  1990  to  pick  up 

when  the  Navy  hnally  decided  to  get  aboard  Reliance.  I understand  fhL  Army  and  foe 
Force  had  gone  through  a Reliance  type  of  activity.  Finally,  the  Navy  decided  tlj^at  maybe  this 
going  to  happen,  and  they  had  better  join  with  the  Army  and  Air  Force. 

I^n  reality,  it  kind  of  all  started  when  the  Office  of  the  Secretary  of  Defense,  back  in  1990 
\ memorandum  that  said  that  they  would  take  over  all  Science  and  Technology 
fhf  activities  for  the  three  services.  Perhaps  for  the  first  and  only  time  in  histot^ 

he  three-service  principal  S&T  flag  officers  stood  up  and  .screamed  in  unison  “No,  let  us  do 
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it.  Give  us  the  rope  and  let  us  form  our  own  noose  that  we  may  hang  ourselves.” 

So  they  formed  a Joint  Directors  of  Laboratories,  which  is  composed  of  the 

At  that  time  there  was  also  an  astrometry  panel.  That  was  seeded,  at  that  point  m time  as 
frestm  Jthe  determinations  by  the  Reliance  groups  to  the  Navy  -<> ^ 

Naval  Observatory  (USNO)  being  the  principal  actor  _^,„^,hat 

.space  clocks,  and  Dr.  Vig  retained  frequency  control  technology.  He  II  talk  about  that. 

That  is  kind  of  the  history.  We  went  on  for  about  three  years,  as  I remained  on  the  Space 
rh^auLot  doing  anyTea,  planning  ,to  a ve^  la^e  ^ 

a^i^y’ going  to  the  residences  of  the  laboratories  of  three  services;  and  meeting,  and  wor  mg 
together,  and  looking  at  what  each  other  were  doing. 

JOHN  VIG  (ARL):  When  this  Reliance  was  initially  created,  my  lab  dmector 

U • rtfiin  areM-  and  there  will  be  very  close  collaboration;  and  jointness 

iointly,  it  there  would  no  Army  solid  state 

the  three  services  laboratories. 

nf  thaf  the  Air  Force  about  that  time,  completely  got  out  of  frequency  control,  the  Nap/ 
Iding,  T gll,  wlait  to  zero  in  frequency  control;  and  the  Arm/s  funding  was  cut  also. 
So  instead  of  it  helping  the  technology,  I think  it  actually  hurt  us  qiii  e a y. 

We  were  given  frequency  control;  the  Navy,  for  example,  was  given  7“"''" 
specific  research  in  those  areas. 
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IS  Slimmer  at  the  annual  reviews,  all  the  different  electrotonic  devices  programs  presented  an 
annual  review  before  a high-level  DoD  person,  Dr.  Susan  Turnbach.  I gave  the  presentation 
for  frequency  control  technology.  I pointed  out  that  the  technology  has  declined  substantially 

betw  ^ mentioned  that,  for  e.xample,  ten  years  ago  there  were  somewhere 

between  50  and  100  researchers  in  this  area,  because  all  three  services  had  a significant  program. 
1 he  Air  borce  had  a large  program  in  frequency  control  technology;  they  were  growing  quartz 
sponsoring  research  and  rubidium  standards  and  various  other  technologies.  The  Navy  had  a 
-significant  program  and  the  Army  had  a significant  program.  Today,  the  Army  is  the  only  one 
with  an  in-house  6.1,  6.2  activity  in  frequency  control  technology.  The  Navy  and  the  Air  Force 

research  bLSly development,  applied 


Apparently  my  briefing  caught  Dr.  Susan  Turnbach’s  and  AGED’S  attention;  and  as  a result  I 
learned  recently  - well,  let  me  backtrack  a second.  Every  year  there  are  one  or  two  technology 
areas  selected  for  a special  study,  to  determine  what  the  DoD’s  investment  strategy  should  be 
in  tho.se  technologies.  This  year  the  AGED  selected  frequency  control  technology  as  one  of 
two  technologies.  So  there  will  be  a very  high-level  study  done  on  what  the  DoD’s  investment 
strategy  should  be  for  frequency  control  technology.  I was  asked  to  draft  a statement  of 
work  for  that  study  and  to  recommend  people  who  should  be  participants  in  that  study.  I 

recommended  some  of  you  as  participants.  Potentially,  this  could  be  very  helpful  to  us  if  we 
do  a good  job. 


RONALD  L.  BEARD  (NRL):  1 think  the  real  significance  in  this  overall  effort  is  that  the 

towards  focused  programs  like  this  and  joint  operation,  such 
at  DoD  isn  t spending  a lot  of  money  in  duplicative  efforts,  and  things  like  that,  which  is 
one  of  the  words  that  was  used  when  this  was  initially  formed.  I think  it  is  .significant  to  point 
out  that  when  it  was  initially  formed,  too,  what  they  looked  at  was  work  that  was  actually 
being  done  in-house  within  the  government,  rather  than  contracted  efforts.  It  was  through  that 
mechanism  whether  to  assign  the  lead  laboratories  and  the  focus  centers  for  this  technology. 


But  in  this  role  of  combining  and  doing  joint  DoD-type  procurement  and  development  where 
does  the  role  of  time  and  frequency  fall?  Well,  it’s  almost  slipped  through  the  margins,  I think 
as  John  wa.s  pointing  out.  This  technology  is  viewed  by  many  authorities  within  DoD  as  just 
kind  of  a black-box  thing  that  you  buy  off  the  shelf.  Come  to  a conference  like  this  and  get 
a catalog  from  the  vendor,  and  you  just  buy  one.  The  care  and  feeding  of  the  technology 
and  development  isn’t  really  appreciated,  I think,  very  much  beyond  this  community.  How 
this  community  can  affect  the  long-range  planning  by  DoD  and  other  agencies  can  bear  an 
important  part  on  how  well  this  technology  flourishes. 


I think  that  is  one  of  the  significant  things  that  we  need  to  di.scuss  this  morning,  is  where  is  this 
ec  no  op'  going;  how  does  it  contribute  to  the  long-range  plan;  and  should  it  be  a significant 
thing  to  be  pointed  out  in  .some  of  these  high-level  technology  development  areas?  Otherwise 
wi  m o , It  will  get  submerged  behind  the  new  extra  smart  .sen.sor,  the  new  weapon  system 
that  blows  up  astroids,  or  things  like  that. 


I personally  think  that  it’s  a very  .significant  technology  that  transcends  the  individual  systems.  It’s 
an  intersystem  technology,  if  you  will.  Too  many  .system  developers  and  technology  developers 
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look  at  individual  systems  and  specific  devices  to  do  that  Ttae''and 

where  they  can  see  trees  from  the  other  side  of  the  world,  or  something  like  that.  Time  and 

frequency  goes  across  all  systems,  and  it's  difficult  to  get  people  to  appreciate  that.  Many  (^f 
them  simpfy  take  it  for  granted.  And.  as  1 think  we  all  know,  it’s  not  something  you  can  really 
take  for  granted;  it  nee*  to  be  nurtured  and  developed.  Significant  developments  have  been 

made  in  this  area. 

FREDERICK  BETZ  (NRL):  Ron,  one  of  the  problems  with  the  funding  for  science  and 
fernSo“that  have  been  incorporated  under  the 

the  service  S&T  funds,  which  were  probably  about  one-third  of  the  total  defense  research 
tlhno7o^  biidget.  The  vast  majority,  the  other  two-thirds,  went  to  both 
Initiatives  Office  (SDIO)  at  the  time,  and  later,  Ballistic  Missile  Defense  Office  ( ), 

also  Advanced  Research  Projects  Office  (ARPA).  There  is  a move  afoot,  at  this  ^im  , 

towards  getting  more  involvement  of  Director  Defense  Research  & Engineering  (DDR&p  , 

at  this  point  in  time.  There  was  a meeting  of  the  JDL  in  August  where 
Mr  Bmchkosky  from  DDR&E  was  there,  and  essentially  agreed  to  be  a major  participant  in 
not  the  JDL  iSliance,  but  in  Defense  Science  and  Technology  Reliance.  So  it  may  even  have 
Ti^ew  name  before  very  long.  That  would,  again,  tend  to  centralize  the  control  and  centralize 
the  funding,  if,  indeed,  as  proposed,  ARPA  and  SDIO  funds  were  swept  into  this  area. 

As  was  mentioned  the  Navy  funding  of  Science  and  Technology  went  away  for  the  GPS  area. 
Rirtunately,  we’re  a reimbursable  laboratory,  and  Ron  went  out  and  found  “customers.  Space 
Command  (SPACECOM),  I guess,  and  some  others  to  provide  ‘‘ 

growing.  His  science  and  technology  staff  in  precision  timing  are  still  quite  robust. 

I might  also  mention  that  Ron  mentioned  that  the  in-house  staff  was  the  basis  for  the  formation 
If  the  establishment  of  the  Reliance  strengths.  That  was  true  to  the  extent  that  scientists  an 
engineers  in  house  included  those  involved  running  outside  contracts,  technical  managers  c 
outside  contracts  The  R&D  funding  that  went  to  outside  attracts  through  that  channel  a. 
also  included  in  the  accounting  of  who  had  the  lead  laboratory  status.  It  wasn  t just  how  many 
mm  T-h^  S&T  scientists  were  available,  but  also  how  much  funding  they  could  leverage 

through  contracts. 

JOHN  VIG  (ARL):  Any  questions  from  the  audience? 

HAROLD  CHADSEY  (USNO):  You’re  talking  about  having  a joint  thing  where  one  lab 
knows  what  another  lab  is  doing.  The  Naval  Observatory  is  not  that  large  a lab 
to  many  others  and  to  the  entire  DoD  community.  We  have  problems  enough  figuring  out  what 
the  perLn  in  the  other  building  is  doing.  If  they  have  a program  that 

and  everything  set  up  for,  and  we  could  use  that  program,  sometimes  its  quite  by  accident 
that  we  find  out  about  it.  How  do  you  propose  and  implement  at  what  time  a 
between  one  lab  and  another  lab  happens,  and  prevent  the  idea  of  empire  bu  Idmg  and 
somebody  saying  “Well  I’m  not  going  to  give  you  that  information  because  it  will  tear  away 

from  my  empire?’’ 

JOHN  VIG  (ARL):  You  have  no  choice.  Even  long  before  Reliance  was  created,  there  was 
another  panel  called  the  AGED,  the  Advisory  Group  Electron  Devices.  Before  we  could  mi  la  e 
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any  contractual  programs,  if  not  in-house,  we  had  to  do  was  called  an  "AGED  write-up;”  we 
had  to  describe  in  just  two  or  three  pages  as  to  what  the  program  goals  were:  what  the  rationale 
was  for  the  program;  what  the  projected  funding  levels  are;  and  who’s  going  to  be  in  charge 
of  running  the  program;  and  who  are  the  probable  contractors  who  will  bid  on  the  program. 
This  went  to  the  AGED  panel,  which  consisted  of  outside  DoD,  high-level  executives,  like 
vice-presidents  of  corporations,  senior  professors  at  universities  and  .such.  The  AGED  panel 
would  look  at  these  programs  and  look  at  the  programs  submitted  by  the  Air  Force  and  the 
Navy,  and  made  sure  that  there  was  no  duplication  of  effort;  and  also  it  was  di.stributed  to  ail 
the  laboratories  to  make  sure  everybody  knew  what  the  other  guy  was  planning. 

So  there  was  a formal  mechanism  to  make  sure  that  at  least  contractual  programs  were  pretty 
well  coordinated.  Now  this  Reliance  was  to  take  the  next  step,  and  that  is  to  make  sure  that 
all  programs,  whether  they  are  contractual  or  in-house,  were  well  coordinated;  and  not  only 
coordinated,  but  actually  performed  jointly.  So  whereas  before,  if  I decide  I wanted  to  do  a 
program  on  a very  low  power  compensated  oscillator,  we  would  create  a program;  and  write 
up  a work  statement;  and  then  do  an  AGED  write-up;  and  then  it  would  get  coordinated;  and 
then  it  would  be  sent  to  the  Navy  and  the  Air  Force  to  make  sure  they  knew  what  the  Army 
was  doing. 

Now,  even  before  we  do  anything,  we  are  supposed  to  contact  our  counterparts  in  the  Navy  and 
Air  Force  and  jointly  decide  what  should  be  done,  jointly  write  the  work  statement,  jointly  do 
everything  in  the  process  of  creating  this  contractual  program.  That’s  the  theory  anway.  Has 
it  happened  that  way  in  reality?  Not  really.  In  large  part,  because  we  just  simply  don’t  have 
much  money  for  contracts.  So  since  the  Reliance  was  created,  we  haven’t  had  many  contracts. 

RONALD  BEARD  (NRL):  I think  communication  is  a problem,  though,  even  in  these  joint 
efforts.  Certainly  in  large  efforts  like  this,  it’s  very  difficult  — as  he  pointed  out,  it’s  difficult 
to  communicate  across  the  lab.  It’s  even  more  difficult  to  communicate  from  laboratory  to 
laboratory,  especially  on  a programmatic  level.  That  is  a significant  problem. 

FREDERICK  BETZ  (NRL):  Yet,  that  was  one  of  the  fundamental  purposes  of  forming  the 
Reliance  panel  in  the  area  of  astrometry.  In  astrometry,  there  was  a single  service  identified, 
and  perhaps  it’s  time  to  readdress  the  technology  centers  of  excellence  across  all  the  services  if 
there’s  going  to  be  a reevaluation  and  the  realignment  of  the  technology  panels,  so  that  USNO 
could  participate  with  the  Army  and  the  Air  Force  personnel  who  are  doing  work  in  frequency. 

JOHN  VIG  (ARL):  In  our  technology  area,  there  is  an  additional  coordination  mechanism, 
and  that’s  the  PTTI  coordination  meetings  that  we  have  every  year  at  the  USNO.  Under  Dr. 
Winkler’s  leadership,  all  the  government  organizations  that  are  involved  in  PTTI  technology 
get  together  and  share  information. 

GERNOT  M.  WINKLER  (USNO):  I just  w'ant  to  correct  one  impression  that  exists 
persistently,  and  that  is  that  the  USNO  is  not  a laboratory.  The  distinction  is  very  important. 
We  are  part  of  an  operational  part  of  the  Navy.  This  is  not  under  the  research  and  development 
organization  w'hich,  for  instance,  is,  of  course,  the  case  with  NRL,  which  is  under  the  Chief  of 
Naval  Research.  Similarly  in  the  other  services. 

Therefore,  we  are  not  a aimpetitor  in  any  way.  We  are  a u.ser  of  results  of  research  and 
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development.  That  is  the  function  of  the  USNO.  Independently  and  separately  from  that,  of 
anirse,  is  our  role  as  the  PTTI  managers  for  DoD.  In  that  regard,  we  have  a coordination 
function,  as  you  just  mentioned.  Dr.  Vig. 

I just  wanted  to  keep  that  separate  as  much  as  we  can,  because  otherwise,  if  things  are  that 
way,  you  always  get  into  wrong  conclusions.  So  we  are  not  a laboratory,  and  that  distinction 
is  very  important. 

FREDERICK  BETZ  (NRL):  I just  had  an  opportunity  to  look  at  the  document  that  came 
out  in  September  of  this  year  called  “The  Defense  Technology  Plan.”  I couldn’t  find  anything 
in  here,  at  least  in  the  major  headings,  that  dealt  with  precision  timing  or  frequency.  It  may  be 
buried  deep  down  somewhere  in  one  of  the  panels  or  subpanels,  but  it  certainly  isn’t  addressed 
as  part  of  the  a technology  S&T  effort  at  the  Director  of  Defense  Research  and  Engineering 

level. 

JOHN  VIG  (ARL):  That  is  because  that  document  doesn’t  go  down  to  the  sub-subpanel 
level.  That’s  where  frequency  control  sits.  There  is  an  electronic  devices  panel  under  which 
there  are  a number  of  subpanels,  one  of  which  is  RF  components.  Frequency  control  is  a 
sub-subpanel  in  RF  components  technology.  I think  that  only  goes  down  to  RF  components 
and  not  to  the  sub-subpanel  level. 

We  are  a very  small  part  of  the  total  DoD  electronic  devices  effort.  In  solid-state  technology, 
when  you  look  at  the  funding  charts,  we  are  a little  blip;  .solid-state  technology  is  probably  50 
times  as  large  in  funding  levels. 

RONALD  BEARD  (NRL):  Well,  I’m  not  so  sure  that  we  should  be  a major  heading 
under  “Science  and  Technology”  per  se.  But  on  the  other  hand,  we  could  be  part  of  the 
sub-sub-sub— sub-subpanel  that’s  absolutely  totally  forgotten. 

That’s  something  I think  we  shouldn’t  allow  to  happen;  because,  this  technology  is  taken  so 
much  for  granted  that  people  just  assume  you  know  time;  I mean,  people  are  familiar  with 
time,  they  look  at  their  watches  everyday  so  that  they  can  be  at  work  on  time.  But  it’s  not 
really  viewed  as  a technology;  and  from  that  perspective,  it  just  can  be  “subbed”  into  oblivion. 
I think  that’s  the  issue  that  I would  like  to  bring  forth,  so  that  people  can  be  aware  of  this  when 
they’re  communicating  with  developers  and  people  who  are  doing  contracts  and  developing 
systems  and  those  sorts  of  things. 

You  just  can’t  take  time  for  granted.  It  has  to  be  generated,  it  has  to  be  nurtured,  and  it  has 
to  be  taken  care  of. 

JOHN  VIG  (ARL);  We  also  have  an  image  problem.  I have  heard  frequency  control  and 
clock  technology  it  referred  to  as  “that  old  technology. 

JOE  WHITE  (NRL):  Let  me  encourage  a little  bit  of  speculation  for  a minute.  You  all 
have  talked  about,  number  one,  that  within  the  time  and  frequency  community  we  have  done 
a fair  amount  of  coordination;  there’s  a mechanism  to  it.  I think  there  has  always  been  kind 
of  a division  of  labor,  particularly  between  our  group  and  John’s  group,  in  terms  of  who  did 
what.  You  generally  work  in  the  crystal  and  the  portable  technology,  we  tend  to  do  work  in 
the  space  area. 
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r pomted  o,.t,  a lot  of  these  meetings  at  a higher  level  don't  really 
retted  that  kind  of  a coordination  going  on,  not  necessarily  in  oiir  area,  but  in  general  Do  you 
think  we  re  in  some  danger,  either  at  the  DoD  level  or  even  at  the  service  level,  of  somebLy 
eciding  to  merge  functions  and  solve  our  problems  for  us?  Even  though  we  may  not  have 

any  problems,  are  we  going  to  be  swept  into  laboratory  mergers  or  whatever?  Anybody  have 
a feeijng  about  that?  ^ ^ 

JOHN  VIG  (ARL):  Some  of  the  cynics  think  that  the  whole  idea  of  JDL  Reliance  was  to 
prevent  what  is  called  the  “purple-ization  of  DoD  laboratories.”  “Purple”  means  forming  a 
■sing  e you  know,  the  Army  is  green,  the  Air  Force  is  blue  and  the  Navy  i.s,  I gues.s,  white, 
o,  purple  IS  a term  that  people  have  been  using  as  a merging  of  the  three  services’  efforts. 

I believe  that  even  now  there  are  serious  proposals  being  considered  for  merging  the  three 

organizations  and  creating  a single  DoD  laboratory  structure.  Perhaps  Helmut  Hellwig  is  in  a 
position  to  address  that  question.  ° 

HELMUT  HELLWIG  (AF  OFFICE  OF  SCIENTIFIC  RESEARCH):  Let  me  comment 
on  a cx)uple  of  these  questions. 

The  Issue  of  the  old  Reliance  and  the  incubating  defen.se  investment  strategy,  which  I think  is 
the  current  best  word  and  the  official  word  - I think  it’s  on  your  document  too  - the  issue 
I.S  not  whether  or  not  you  work  with  the  other  lab;  the  issue  is  that  you  don’t  have  enough 
money  to  do  what  you  u.sed  to  do.  So  you  are  questioning  where  do  you  put  the  money 

question  for  time  and  frequency  i.s 
not  USNO  versus  NRL  versus  whatever  goes  on  in  the  Air  Force.  By  the  way,  .something  still 
goes  on  in  the  Air  Force,  in  the  extramural  program;  we’re  on  a very  solid  6.1  program. 

The  issue  is:  Should  there  be  time  and  frequency  in  any  DoD  activity?  Should  Ron  Beard  go 

out  of  existence.  That  is  the  issue.  Why  could  he  go  out  of  existence?  Don’t  get  me  wrong 

here,  there  s no  proposal,  to  the  best  of  my  knowledge,  of  that  nature  on  the  table.  So  I’m  iu.st 

giving  you  a fictitious  view  of  the  world.  But  it  is  the  kind  of  thinking  I want  to  project.  Why 

To*  existence  in  the  thinking  of  defense  managers?  Because  of  NIST  and 

Hewlett  Packard?  That^s  why, 

I think  the  challenge  for  the  time  and  frequency  DoD  community  is  to  prove  that  they  add 
something  significant  to  defense,  in  view  of  the  ongoing  academic  and  commercial  activities 
The  i.s.sue  has  graduated  very  much  from  being  an  Issue  of  “Are  you  working  together?”  yes 
no,  to  Why  do  you  e.xist  in  view  of  other  efforts?”  “Should  we  use  the  money  you  are  earning 

for  things  where  it  is  more  needed?”  That  is  the  issue,  and  it  will  be  with  us  for  the  rest  of 
the  century. 

PHILLIP  E.  TALLEY  (RETIRED  FROM  AEROSPACE  CORPORATION):  Along  the 
me  of  this  di.scu.ssion,  I think  that  one  shortcoming  Is  that  potential  contractors  for  various 
Hrge  system.s  don  t really  know  where  within  the  government  to  go  for  advice  for  time  and 
frequency.  I ve  been  inclined  to  recommend  going  to  see  Dr.  Winkler  as  a source  of  what’s 
available,  and  possibly  recommendations  of  how  to  approach  the  time  and  frequency  problems. 
But  people  don  t .seem  to  appreciate  that  there  i.s  help  out  there.  I think  the  integration  of 
labs,  or  whatever  happens,  needs  to  address  this  and  make  it  known  to  the  various  industrial 
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,nHlM  VTr  rARLV  We  spend  a considerable  portion  of  o.ir  time  answering  questtons  over 
is  in  future  military  systems,  that  can  sell  programs. 

But  yon  are  right.  That's  an  important  function  that  government  laboratories  can  and  do  serve. 

But  that’s  sort  of  a side  issue, 

EDWARD  POWERS  (NRL):  One  final  question  here.  Speaking  of  the  Aerospace  Corpo 
ration,  other  government  laboratories,  are  they  following  this  anywhere. 


JOHN  VIG  (ARL):  Not  that  I know  of,  no. 


available.^  That  is  the  key  issue. 

Tr^TiM  vir  tARLV  We  have  an  image  problem.  I think  when  there  are  annual  reviews, 

r^op^gct'Ca^dtaihahont^sc^ 

rer,:gin':'rrr:z^:;r:.rrt  ar;  tailing  almnt  a new  generation  of 

clocks,  for  example. 


RONALD  BEARD 

Ed  Powers  (NSR): 

discussion. 


(NRL):  The  “glitzy”  technologies. 

1 wonid  to  thank  the  panel  and  the  andience  for  their  participation  in  this 
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Abstract 

The  Milstar  communications  satellite  system  will  provide  secure  antijam  communication  capa- 
bilities for  DoD  operations  into  the  next  century.  In  order  to  accomplish  this  task,  the  Milstar 
system  will  employ  precise  timekeeping  on  its  satellites  and  at  its  ground  control  stations.  The 
constellation  will  consist  of  four  satellites  in  geosynchronous  orbit,  each  carrying  a set  of  four 
rubidium  (Rb)  atomic  clocks.  Several  times  a day,  during  normal  operation,  the  Mission  Control 
Element  (MCE)  will  collect  timing  information  from  the  constellation,  and  after  several  days  use 
this  information  to  update  the  time  and  frequency  of  the  satellite  clocks.  The  MCE  will  maintain 
precise  time  with  a cesium  (Cs)  atomic  clock,  synchronized  to  UTC(USNO)  via  a GPS  receiver.  We 
have  developed  a Monte  Carlo  simulation  of  Milstar*s  space  segment  timekeeping.  The  simulation 
includes  the  effects  of:  uplink  I downlink  time  transfer  noise,  satellite  crosslink  time  transfer  noise, 
satellite  diurnal  temperature  variations,  satellite  and  ground  station  atomic  clock  noise,  and  also 
quantization  limits  regarding  satellite  time  and  frequency  corrections.  The  Monte  Carlo  simulation 
capability  has  proven  to  be  an  invaluable  tool  in  assessing  the  performance  characteristics  of  various 
timekeeping  algorithms  proposed  for  Milstar,  and  also  in  highlighting  the  timekeeping  capabilities 
of  the  system.  Here,  we  provide  a brief  overview  of  the  basic  Milstar  timekeeping  architecture  as  it 
is  presently  envisioned.  We  then  describe  the  Monte  Carlo  simulation  of  space  segment  timekeeping, 
and  provide  examples  of  the  simulation's  efficacy  in  resolving  timekeeping  issues. 


Introduction 

Figure  1 shows  the  baseline  timekeeping  architecture  for  Milstar  as  presently  envisioned.  The 
constellation  will  consist  of  four  satellites  in  geosynchronous  orbitOl^  each  carrying  a set  of  four 
rubidium  (Rb)  atomic  clocks,  though  at  any  one  time  only  one  clock  will  be  operational  on  any 
given  satellite.  A satellite’s  active  clock  is  labeled  as  either  master  (MSR),  monitor  (MON)  or 
slave.  The  slave  clock  ties  its  time  and  oscillator  frequency  to  the  master  via  timing  comparisons 
performed  through  the  satellite  crosslinks  using  a slaving  procedure  developed  by  Lockheed 
(the  Milstar  prime  contractor)  1^1.  The  monitor  clocks  are  free— running,  and  are  present  in 
order  to  a.ssess  the  health  of  the  MSR  again  via  the  satellite  crosslinks.  Several  times  a day, 
during  normal  operation,  the  Mission  Control  Element  (MCE)  collects  timing  information  on 
the  Triplet  of  free-running  clocks  (i.e.,  MSR,  MONl  and  MON2),  and  after  several  days  uses 
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this  timing  information  to  update  the  time  and  oscillator  frequencies  of  the  Triplet.  The  MCE 
maintains  precise  time  with  a cesium  (Cs)  atomic  clock,  which  is  synchronized  to  UTC. 

In  outline,  Milstar  timekeeping  would  appear  to  be  straightforward  and  robust;  however,  in 
detail  precise  Milstar  timekeeping  is  a complex  matter.  The  time  comparisons  between  satellites 
via  the  satellite  crosslinks,  and  those  using  the  uplink/downlink  between  the  inview  satellite  and 
the  MCE,  are  not  perfect:  un-accounted  for  equipment  delays  can  introduce  non-negligible 
timing  errors  into  the  system.  Moreover,  even  if  the  communications  links  were  perfect,  there 
are  limits  as  to  the  accuracy  with  which  time  and  oscillator  frequency  corrections  may  be  applied 
to  the  satellite  clocks.  These  limits  are  a consequence  of  both  the  satellite  hardware  and 
Milstar  operating  procedures.  Additionally,  the  diurnal  temperature  variations  that  the  satellites 
experience  introduce  timing  errors  as  a consequence  of  the  Rb  atomic  clock’s  (albeit  slight) 
temperature  sensitivity  1^1.  Though  individually  these  processes  are  straightforward,  with  regard 
to  system  timekeeping  they  act  together  in  non-obvious  ways  as  part  of  a “satellite-to-MCE 
feedback  loop”:  these  processes  cause  time  differences  between  the  satellite  and  MCE,  which 
the  MCE  attempts  to  correct  periodically.  Finally,  it  mu.st  be  recognized  that  even  though  the 
satellite  Rb  atomic  clocks  will  introduce  no  more  than  about  4 fis  of  timing  error  into  the 
system  in  a weekl^l,  this  requires  the  MCE  to  set  them  perfectly.  As  a consequence  of  these 
considerations,  it  should  be  recognized  that  cursory  analyses  of  timekeeping  performance  may 
neglect  important  subtleties,  and  could  lead  to  incorrect  conclusions. 

In  order  to  accurately  address  .system  level  timekeeping  issues,  several  approaches  may  be 
taken.  First,  one  might  consider  developing  a hardware  prototype  of  .system  timekeeping. 
This  approach  is  impractical  not  only  becau.se  it  requires  a large  capital  outlay  for  the  various 
pieces  of  equipment,  but  also  because  investigations  into  system  timekeeping  over  periods  of 
months  would  have  to  be  done  in  real  time.  Alternatively,  one  could  attempt  to  solve  the 
satellite-to-MCE  feedback  loop  equations.  This  too  is  an  impractical  approach,  becau.se  closed 
form  solutions  could  not  be  obtained  without  significant  approximation.  Moreover,  altering 
system  characteristics  slightly  (e.g.,  system  algorithms)  could  force  a re— derivation  of  the  entire 
set  of  feedback  loop  equations,  requiring  significant  amounts  of  additional  effort.  Our  approach 
to  answering  .system  level  timekeeping  questions  has  none  of  the  above  mentioned  drawbacks, 
as  it  is  based  on  Monte  Carlo  simulationisi.  With  a Monte  Carlo  approach,  the  results  are 
obtained  without  approximation;  years  of  system  timekeeping  experience  can  be  built  up  over 
the  anirse  of  several  hours,  and  changing  system  algorithms  requires  nothing  more  than  the 
change  of  a subroutine. 

Figure  2 is  a functional  diagram  of  the  Monte  Carlo  concept,  illustrating  .some  of  the  important 
components  of  this  simulation  capability.  The  studies  to  be  discussed  below  have  focussed 
on  the  MCE’s  management  of  space  timekeeping  assets,  and  the  performance  of  those  assets 
under  varied  operational  conditions.  Generally,  however,  Milstar  timekeeping  also  includes 
the  process  of  synchronizing  Milstar  time,  which  is  maintained  at  the  MCEs,  to  UTC  which  is 
maintained  by  the  Naval  Observatory  for  DoD  programs.  Synchronizing  Milstar  time  to  UTC 
should  be  straightforward,  and  hence  not  require  detailed  Monte  Carlo  simulations  for  the 
resolution  of  timekeeping  issues. 

In  the  analysis  of  system  timekeeping,  we  start  by  generating  a time  series  of  random  frequency 
fluctuations  for  both  a satellite  and  MCE  atomic  clockl*'’!.  Additionally,  whenever  timing 
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3er“oi  e n e TTn  r'  T “PP^P™"*  communication  link  timc- 

a,  m HmTI  cpltnk/downhnk  or  crosslink),  and  make  allowances  for  any  limitations 

vLLtirs  thatTLXrc,°"k  teoperatn" 

All  of  thac  I,  tniglrt  experience,  and  the  resulting  diurnal  frequency  variations 

All  of  these  stochastic  and  deterministic  process  realizations  are  generated  in  a 4L-PC  and 
frequency  variations  are  integrated  and  combined  with  other  timing  errors  The  outp^of 
single  simulation  is  the  .satellite  time  error  as  a function  of  time,  and  this  can  be  obSL 
any  one  of  the  four  satellite  clocks  (i.e.,  MSR,  MON  or  Slave).  By  performing  thousands  of 
the.se  simulations  we  generate  statistics  on  Milstar’s  timekeeping  perfomance. 

Simulation  of  Atomic  Clock  Noise 

v™tas“taekL“Dl°"fluch“f  .Of  'i-ckceping  require.,  Ihe  accurate  simulation  of 

Otis  timekeeping  fluctuations,  and  in  this  regard  one  of  the  most  significant  challenaes  is  Ihe 
^miilalion  of  an  atomic  clock’s  colored  (i.e.,  flicker  and  random-walk)  freq  e cy  flue,  .a  „„s 
The  approach  we  employ  may  be  referred  to  as  a “recursive  filter”  approachr“r  and  is 

Lperl^'ntafiv  iLr"f  processe.s. 

onrwm.M  1 u \ ‘his  into  colored  noi.se  then 

would  .simply  pass  the  white  noi.se  through  a filter.  The  filter  function  would  then  shape 

the  noise  proces.ss  . spectral  density  into  .some  desired  form.  This  is  e.ssentially  the  method  we 
mp  oy  for  simulating  colored  noise  proce.sses  as  ilhrstrated  in  Fig.  31*1. 

JrZmLVte  “smrt  wth  “f 

-f  ^ C cs.  ^ ^ computer  generated  random  numbers.  These  numbers  have  a 

uniform  probability  distribution,  but  may  be  transformed  into  random  numberwflh  a norLl 

lointTT"  '‘’^‘ribution  using  the  standard  Box-Mueller  algorithm  I’l  At  this 

point,  we  have  a .simulation  of  a gaussian  white  noise  process.  These  numbers  are  input  to  a 

2pu"if imni^  ' transfer  function  //(/),  and  the  spectral  density  of  the  filter 

P (-^^1  • ’to  simulate  random-walk  noise  we  jirst  need  to  choo.se  //(/)  ~ 1//. 

Simulating  a noise  process  that  is  an  odd  function  of  Fourier  frequency  is  a bit  trickier  as  Hff) 

W "he  MCE-rCs  Im'  ‘TT  “I'  ^ "’■=  of  P->ial  fraciLns!) 

simiilfiH  • • ‘ has  a flicker  noise  component,  this  portion  of  the 

noise  pree'^srS"™^  timekeeping  capability.  Simulating 

noise  proces.ses  with  [INSERT  3)  may  be  accomplished  by  cascading  filters  that  are  integral 

ftmctions  of  Fourier  frequency.[6J  By  a judicious  choice  of  filter  funcLns,  the  cascade  can  be 

Tttn  yiXaTr^^^^^^^^  ^ frequency,  which 

y [ NSERT  4]  that  is  (approximately)  an  odd  function  of  Fourier  frequency 

iClssured7ht\^t p mentioned  that  in  deriving  the  equations  for  the  recursive  filter,  it 
filter  Zstl  filters  operation  is  in  steady-state.  This  is  tantamount  to  a.ssuming  that  the 
fi  ter  has  been  processing  data  since  f.  = -00.  The  fact  that  the  recursive  filter  m ^ be  star  ed 
a some  finite  time  in  the  Monte  Carlo  simulations  is  called  the  “Initialization  Problem  ”[i«1 
Though  a technical  description  of  this  problem  and  its  .solution  is  beyond  Ihe  Lop^  of  the 
P . n rscussion,  suffice  it  to  say  that  if  the  Initialization  Problem  is  not  handled  Voperly, 
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MCE’s  Cs  atomic  clock. 

EEi“ri= 

:::f  8— 

clock  is  excellent. 
p,„.  4 .pre»n.  on, 

i:rLrre::Mrr:i:^na.^ 

r.'le  —:  r::ut-.T:xp::./d  ,.„der  we,,  de«„ea.  ’.honsh  no,  nece^ari, 

Milstar  accurate,  conditions. 


Applications 

The  Monte  Car,o  simn,ation  of  Mi,star  Space  Segment 

timekeeping  processes  and  elements  f Igfe  and  L.„i- 

assets,  and  it  kas  applications.  The  firs,  of 

satellite  environments.  In  this  section  p when  the  question  of  how 

the  examples  concerns  work  that  was  performed  This  example 

rhe  MCE  would  estimate  satellite  ” examined  for  their 

will  illustrate  how  various  system  “'S""'*'™"  aonroach  The  second  example  deals 

effect  on  overall  variations  inflLce  precise  satellite  timekeeping. 

™,  laLTeXle  ilU^  th^  complicated  fashion  in  which  various  processes  combine  to 

J^:d ticl  a n"n™tnis  dependence  of  timekeeping  capability  on  system  parameters. 

A.  MCE  Estimation  Algorithms 

AS  discussed  in  the  genera,  description  of  “Sire  "anTnn^IJnked 

time  offsets  of  all  the  "“'elhms  m ‘ j,  j„  „„  estimation  algorithm  m 

data.  This  timing  information  • supplied  to  the  various 

order  to  0^0.  the  major  timekeeping  questions  faced  by 

X^s^fm  pi;nSrl  !i  the  mid-eighties  concerned  the  form  that  the  estimation  algorithm 

would  take.  , fV, 

Figure  5 illustrates  an  MCE  ranging  on  an  inview  satellite,  and  the  timekeeping  data  that 
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MCE  would  collect  (i.e.,  satellite  time  error  as  a function  of  measurement  time).  The  time 
error  collected  by  the  MCE  will  have  the  general  form: 

x{t)  = xo  + yoT  + + o r[T{t,  0}  - To]dt  + T y^\T)cU  + T y^^^{T)df  + e(r)  (1) 

Here,  cx{t)  is  the  time  offset  between  the  satellite  and  MCE  at  some  time  r,  xq  is  an  initial 
time  offset,  j/o  is  a constant  fractional  frequency  difference  between  the  satellite  Rb  clock  and 
the  MCE  Cs  clock,  I)  is  the  fractional  frequency  aging  rate  of  the  satellite  Rb  clock  (parts  in 
lO’^  per  dayUJI,  o is  the  temperature  coefficient  of  the  satellite  clock,  T{i,9)-Tq  is  the  diurnal 
temperature  offset  of  the  satellite  clock  from  some  nominal  value.  To,  y^^  and  represent 

the  random  fractional  frequency  fluctuations  of  the  satellite  and  MCE  clocks,  respectively,  and 
e(r)  is  the  measurement  error  associated  with  the  MCE— to— spacecraft  communication  link.  The 
parameter  6 in  the  .satellite  temperature  term  represents  the  phase  relationship  between  the 
satellite’s  diurnal  temperature  cycle  and  the  cycle  of  MCE  corrections.  The  question  addressed 
with  our  Monte  Carlo  simulation,  was  how  the  MCE  could  best  use  the  time  error  data 
presented  in  Fig.  5 to  periodically  correct  the  .satellite  time  and  frequency.  In  the  following, 
the  update  interval  will  be  defined  as  the  period  of  time  between  MCE  corrections  of  the 
satellite  clock. 

On  an  examination  of  Eq.  (1)  for  x{t),  .several  possibilities  for  employing  the  time  error 
data  of  Fig.  5 pre.sent  them.selves.  First,  the  MCE  could  restrict  its  consideration  to  data 
collected  only  at  the  beginning  and  end  of  an  update  interval.  The  time  error  at  the  end  of 
the  update  interval  would  then  be  the  time  correction  that  the  MCE  needs  to  apply  {6t),  while 
the  frequency  correction  {6y)  would  come  from  the  estimated  rate  of  time  error  build  up  based 
on  the  two  time  error  measurements.  If  Tupjate  is  the  length  of  the  update  interval,  then  the 
time  and  fractional  frequency  corrections  to  be  applied  by  the  MCE  are: 

^ ^(Tupdate)  ^(b) 

rp 

-^Update 

This  is  called  the  2-Point  estimation  algorithm,  and  has  the  advantage  of  being  very  simple. 
An  alternate  procedure  would  be  to  take  advantage  of  all  the  intervening  data  collected  by 
the  MCE  during  the  update  interval.  The  data  could  then  be  fit  to  a straight  line  in  order  to 
determine  the  appropriate  time  and  frequency  corrections: 


(2) 

(3) 


8t  — 6y  ■ Tupdate  + to  (4) 

Here,  6y  and  to  are  the  slope  and  intercept  determined  by  the  linear  least  squares.  This  is 
called  the  Linear  estimation  algorithm,  and  it  is  to  be  noted  that  the  frequency  correction  is 
determined  by  the  slope  of  the  linear  least  squares  fit.  Finally,  by  examining  the  above  equation 
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for  x{t),  one  might  expect  to  do  better  at  correcting  the  clock  by  fitting  the  data  to  a quadratic, 
which  would  essentially  be  attempting  to  account  for  the  Rb  clock’s  aging  rate; 

6l  = to  y • T'upclate  "^2^  ^update  ^ ^ 

Here,  y is  the  linear  coefficient  of  the  least  squares  quadratic  fit,  which  is  essentially  the  initial 
frequency  offset  of  the  clock,  and  t)  is  the  least  squares  estimate  of  the  aging  rate  of  the  clock. 
This  is  called  the  Quadratic  estimation  algorithm. 

Using  our  Monte  Carlo  simulation  of  Milstar  timekeeping,  we  were  able  to  investigate  the 
performance  of  each  of  these  estimation  algorithmsf‘21.  The  parameters  that  were  employed  in 
the  calculations  are  collected  in  Table  I.  To  determine  the  efficacy  of  any  estimation  algorithm, 
we  allowed  the  MCE  to  correct  the  satellite  clock  several  times,  essentially  letting  the  system 
get  into  a steady  state,  and  then  examined  the  satellite  time  error  after  either  3 or  10  days 
of  free-running  operation.  (Note  from  Table  I that  a 3 day  free-running  period  corresponds 
to  the  time  error  the  satellite  would  have  just  prior  to  receiving  its  normal  MCE  correction.) 
Hundreds  of  simulations  were  performed  (each  with  a different  satellite  clock  aging  rate)  to 
generate  the  statistics  of  Milstar  timekeeping,  and  the  results  of  that  analysis  are  collected  in 
Table  II.  In  the  table,  the  standard  deviation  of  time  error  at  the  end  of  the  free-running 
period  is  tabulated  for  the  various  estimation  algorithms.  Since  the  Linear  estimation  algorithm 
minimizes  the  spread  of  satellite  time  error,  it  is  considered  to  be  the  best  estimation  algorithm 
among  these  three.  Similar  results  comparing  the  Linear  estimation  algorithm  against  a Kalman 
Filter  estimation  algorithm  eventually  lead  to  the  adoption  of  the  Linear  estimation  algorithm 
for  the  Milstar  MCEs  due  to  its  simplicity. 

The  fact  that  the  Linear  estimation  algorithm  is  superior  to  the  Quadratic  estimation  algorithm 
was  initially  something  of  a surpri.se.  Since  the  Quadratic  estimation  algorithm  more  closely 
models  the  underlying  performance  of  the  satellite  Rb  atomic  clock,  one  would  typically  expect  it 
to  result  in  less  timing  error.  After  some  study  of  this  issue,  we  found  that  the  poor  performance 
of  the  Quadratic  algorithm  derives  from  the  influence  of  the  measurement  noise,  t(r),  and  the 
Rb  atomic  clock  frequency  noise,  y^‘^\  on  the  estimated  coefficients.  Apparently,  these  noise 
processes  strongly  influence  the  estimated  drift  coefficient  in  the  Quadratic  algorithm,  and  of 
course  any  error  in  that  estimate  has  a strong  influence  on  timekeeping  since  it  contributes  to 

time  error  quadratically. 

B.  Satellite  Temperature  Variations  and  MCE  Control  of  the 
Satellite  Clock 

As  any  Milstar  satellite  orbits  the  Earth,  its  temperature  will  vary  in  a diurnal  ffishion,  and  in 
the  mid-eighties  thermal  analysis  of  the  satellite  payload  indicated  that  the  satellite  clock  would 
experience  peak-to-peak  temperature  variations  of  ~ 20°F.  The  question  arose  as  to  how  these 
temperature  variations  would  influence  satellite  timekeeping,  both  for  the  crystal  oscillator  that 
would  be  launched  on  DFS-1  (the  first  Milstar  .satellite)  and  the  Rb  atomic  clocks  that  would 
be  launched  on  subsequent  satellites.  Specifically,  there  was  interest  at  the  time  in  knowing 
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how  large  the  satellite  oscillator’s  temperature  coefficient  could  get  without  impacting  system 
timekeeping  performance. 

Clearly,  the  MCE  could  choose  to  set  up  its  cycle  of  satellite  corrections  anywhere  within 
ffie  satellite’s  diurnal  temperature  cycle.  The  quantity  expressing  this  relationship  in  Eq.  (1) 
IS  e.  For  example,  ffie  MCE  could  choose  to  correct  the  satellite  clock  when  the  satellite 
temperature  is  near  its  largest  daily  value;  this  would  correspond  to  a value  of  ^ = 0 in  Eq. 
(1).  Alternatively,  the  MCE  could  choose  to  correct  the  satellite  clock  when  the  .satellite 
temperature  is  near  its  daily  mid-range  value;  this  would  corre.spond  to  a value  of  0 = tt/2  in 
Eq-  (1).  (For  the  reader’s  general  information,  analysis  has  shown  that  the  diurnal  temperature 
variations  will  be  roughly  sinusoidal.  We  note,  however,  that  our  calculations  employ  the 
expected  diurnal  temperature  variations  and  not  a sinusoidal  approximation.)  Thus,  in  order 
to  study  the  influence  of  a satellite  oscillator’s  temperature  coefficient  on  .system  timekeeping, 
it  is  necessary  to  specify  0.  Since  the  actual  value  of  9 for  any  given  satellite  is  an  arbitrary 
quantity,  we  performed  two  sets  of  analyses,  one  with  0 = 0 and  the  other  with  0 = -n  j2. 

Parameters  for  one  illustrative  study  are  collected  in  Table  III,  corresponding  to  a satellite  clock 
with  characteristics  very  near  those  of  a crystal  oscillator  clock.  As  discussed  in  the  previous 
example,  our  method  was  to  allow  the  MCE  to  update  the  .satellite  clock  through  several  update 
intervals,  e.s.sentially  reaching  a steady-state  of  timekeeping,  and  then  to  calculate  the  satellite 
time  offset  at  the  end  of  a free-running  period.  For  the  ca.se  under  discirssion,  the  free-running 
period  was  cho.sen  to  be  24  hours  (i.e.,  the  update  interval).  Again,  hundreds  of  simulations 
were  performed,  which  allowed  us  to  generate  the  .statistics  of  Milstar  system  timekeeping,  and 
the  results  are  shown  in  Fig.  6.  In  the  figure,  the  2 cr  time  error  at  the  end  of  24  hours  is 
plotted  as  a function  of  the  satellite  clock  temperature  coefficient.  Two  curves  are  shown,  one 
with  the  diurnal  phase  angle  9 = 0 and  the  other  with  9 = tt/2. 

It  is  clear  from  the  figure  that  there  is  a dependence  of  Milstar  timekeeping  on  0.  Though 
the  .strength  of  this  dependence  was  unexpected,  it  could  be  rationalized  as  a consequence 
of  optimally  choosing  the  data  points  employed  by  the  MCE’s  estimation  algorithm.  More 
surprising,  however,  were  the  specific  results  for  9 = tt/2,  where  the  .satellite  time  error 
is  actually  found  to  be  a decreasing  function  of  clock  temperature  sensitivity  (at  least  for 
temperature  coefficients  less  than  about  1 x 1 -->•  /‘^C).  It  would  appear  that  for  9 = tt/2, 
Mifstar  system  performance  is  enhanced  by  having  a clock  with  a slightly  larger  temperature 
coefficient.  This  counter-intuitive  result  indicates  that  under  certain  conditions  the  effects  of 
the  diurnal  temperature  variations  on  the  Linear  estimation  algorithm  can  (to  some  extent) 
compensate  for  the  frequency  aging  of  the  standard.  With  regard  to  the  question  that  motivated 
these  studie.s,  the  results  of  Fig.  6 indicate  that  the  satellite  clock  temperature  coefficients  can 
take  on  values  up  to  ~ 1 x 10  ”/“C  (for  arbitrary  9 without  significantly  changing  Milstar  .system 
timekeeping.  This  value  is  large,  and  indicates  that  the  Milstar  constellation  can  be  made 
relatively  robust  to  satellite  diurnal  temperature  variations.  Moreover,  if  the  MCE  judiciously 
choo.ses  the  correction  cycle  for  the  satellites  under  its  control,  then  the  diurnal  temperature 
variations  might  actually  be  beneficial  to  Milstar  timekeeping. 

Taking  a broader  view  of  the  results  shown  in  Fig.  6,  these  Monte  Carlo  .simulations  demonstrate 
the  complicated  interplay  among;  satellite  temperature  variations,  communication  link  time- 
transfer  noise,  frequency  aging  rates,  and  all  the  other  parameters  that  are  important  to  satellite 
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timekeeping.  The  relationship  between  system-time-error,  satelhte-oscillator-temperature 
coefficient  and  [INSERT  17]  was  not  obvious  prior  to  the  Monte  Carlo  computations.  ven 
now,  knowing  that  the  relationship  exists,  it  is  not  obvious  what  the  optimum  9 value  is  for  the 
MCE’s  estimation  algorithm.  The  important  lesson  to  be  learned  is  that  intuitive  predictions  of 
satellite  timekeeping  performance  must  be  accepted  warily.  How  all  the  various  timekeeping 
processes  combine  to  yield  the  system  performance  is  not  always  obvious,  and  in  this  regard  a 
Monte  Carlo  simulation  of  system  timekeeping  has  great  value. 


Summary 

The  above  discussion  has  reviewed  a Monte  Carlo  simulation  of  Milstar  tiinekeeping.  Given 
the  complexity  of  Milstar  timekeeping  issues,  our  experience  with  these  simulations  has  shown 
that  many  results  are  non-intuitive,  and  that  without  a Monte  Carlo  simulation  capabdity 
accurate  predictions  of  system  performance  would  be  exceedingly  difficult  (if  not  impossib  e)  o 
obtain  Though  the  simulation  capability  was  developed  with  Milstar  m mind,  the  capabi  i ty  is 
fairly  general,  and  could  easily  be  applied  to  timekeeping  issues  associated  with  other  satellite 

systems,  for  example  GPS. 
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MON  1 MON  2 


MCE 

Mission  Control  Elemsnt 


Fieure  1*  Operational  diagram  of  the  baseline  Milstar  timekeeping  architecture.  As  discussed  m 
the  te.Kt,  the  constellation  will  consist  of  four  satellites  labeled:  MSR  (master),  MON  (monitor)  or 
slave.  The  Mission  Control  Element  (MCE)  will  periodically  correct  the  time  and  oscillatoi 

fretjuency  of  the  MSR  and  MONs. 


Time  Error 

Process  Realizations  st 


Figure  2-  In  the  Monte  Carlo  simulation  of  Milstar  timekeeping,  realizations  ot  nmdom 
timekeeping  processes  as  well  as  deterministic  processes  (e.g.,  satellite  temperature  variations) 
are  generated.  These  tluctuations  are  combined  to  generate  a single  realization  ot  a satellite 
clock's  time-error  history.  By  examining  thousands  of  such  simulations,  the  statistics  associated 
with  any  clock's  timekeeping  performance  may  be  built  up  for  any  set  ot  parameters  or  opeiating 

scenario. 
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• Noise  Generation  for  Sy(f)  - 1/P",  n=0,1,2,... 


Uniform  Probability  Gaussian 

Distribution  White  Noise 


Shuffled  Random 
Number  Generator 

— 

Box-Mueller 

Algorithm 

— 

Numerical 
Filter:  H(f) 

Sy(f)  = IH(f)|2 


• Noise  Generation  for  Sy(f)  ~ 


Gaussian 
White  Noise 


Hi(f) 

Filter 

Cascade 

H2(f) 

Sy(f)  = IH,(f)H2(f)H3(f)|2 

H3(f) 

Figure  3:  Method  of  simulating  colored  atomic  frequency  standard  noise  as  discussed  in  the  text. 


1 10  100  1,000  10,000  100,000  1,000,000 

Averaging  Time  (seconds) 


Figure  4:  Allan  standard  deviation  plot.  The  squares  correspond  to  the  Allan  standard  deviation 
obtained  by  analyzing  the  frequency  fluctuations  simulated  by  our  Monte  Carlo  program  for  a 
Milstar  satellite  Rb  atomic  clock.  The  solid  line  represents  the  expected  Allan  standard  deviation 
based  on  Milstar  clock  manufacturer  data. 
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MCE-Satellite 
Time  Difference 


Figure  5:  MCE  ranging  on  an  inview  satellite  and  collecting  time  difference  infomiation.  The 
MCE-to-Satellite  time  difference  infoi-mation  is  used  to  determine  the  lime  and  frequency 
correction  that  the  MCE  should  apply  to  the  satellite. 


Time  Error 
}isec 


Figure  6:  Satellite  lime  error  after  24  hours  of  free-running  operation.  Temperature  coefficients 
for  the  satellite  clock  are  per  degree  Celsius.  The  two  curves  labeled  0 = 0 and  6 = 7t/2 
correspond  to  different  phase  relationships  between  the  satellite's  diurnal  temperature  cycle  and 
the  MCE’s  satellite  correction  cycle. 
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Table  I:  Parameters  used  in  the  Monte  Carlo  simulation  of  Milstar  timekeeping  for  the  question 
of  which  estimation  algorithm  is  best  for  the  Milstar  system. 


Parameter 

Satellite  Rb  Clock  Allan  Standard  Deviation 
Satellite  Rb  Clock  Frequency  Aging 
Satellite  Rb  Clock  Temperature  Coefficient 
Diurnal  Temperature  Variation  Phase  Angle,  0 
Update  Interval,  T^pdate 
MCE-to-Satellite  Measurement  Interval 


Value 

2x10"^  Wx  + 4xlO"^^Vx 
0.0  ± 5.0xl0-13/day 
1.0x10-12/of 
0.0 

3 days 
8 hours 


Table  II:  Results  from  Monte  Carlo  analysis  of  MCE  estimation  algorithms.  The  results  show 
the  standard  deviation  in  microseconds  of  satellite  time  error  at  the  end  of  a 3 day  and  10  day 
free-running  period. 


Table  III:  Parameters  used  in  the  Monte  Carlo  simulation  of  Milstar  timekeeping  for  the 

question  of  how  satellite  temperature  variations  would  influence  satellite  timekeeping. 

Parameter  Value 

Satellite  Clock  Allan  Standard  Deviation  5xl0"^^/Vx  + SxlO'^^^  Vx 

Satellite  Clock  Frequency  Aging  2.0  ± 0.5x10“^  Vday 

Satellite  Clock  Temperature  Coefficient  0.0  to  4.0xl0"^V®F 

Diurnal  Temperature  Variation  Phase,  0 0.0  and  tc/2  radians 

Update  Interval,  T^pdate  24  hours 

MCE-to-Satellite  Measurement  Interval  2 hours 

MCE  Estimation  Algorithm  Linear 
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Abstract 

The  measurement  of  the  difference  of  the  transmit  and  receive  delays  of  the  signals  in  a Two- 
Way  Satellite  Time  and  Frrequency  Transfer  (TWSTFT)  earth  station  is  crucial  for  its  nanosecond 
time  transfer  capability.  Also,  the  monitoring  of  the  change  of  this  delay  difference  with  time, 
temperature,  humidity,  or  barometric  pressure  is  important  for  improving  the  TWSTFT  capabilities. 

An  automated  system  for  this  purpose  has  been  developed  from  the  initial  design  at  NMi-VSL. 
It  calibrates  separately  the  transmit  and  receive  delays  in  cables,  amplifiers,  upconverters,  and 
downconverters,  and  antenna  feeds,  the  obtained  results  can  be  applied  as  corrections  to  the 
TWSTFT  measurement,  when,  before  and  after  a measurement  session,  a calibration  session  is 
performed.  Preliminary  results  obtained  at  NMi-VSL  will  be  shown.  Also,  if  available,  the  results 
of  a manual  version  of  the  system  that  is  planned  to  be  circulated  in  September  1994  together  with 
a USNO  portable  station  on  a calibration  trip  to  European  TWSTFT  earth  staions. 


1.  Introduction 

The  Two-Way  Satellite  Time  and  Frequency  Transfer  (TWSTFT)  method  (Fig.  1)  is  u.sed  to 
compare  two  clocks  or  time  scales  which  are  often  located  at  great  distances  from  each  other. 
The  time  scale  events,  normally  the  1 pulse  per  .second  (Ipps)  signals,  are  simultaneously 
transmitted  to  the  other  clock  by  means  of  a transmission  link  through  a satellite,  normally 
a geostationary  communication  satellite.  The  delays  in  troposphere,  ionosphere,  satellite 
tran.sponder  and  earth  station  equipment  cancel  in  first  order,  the  Sagnac  correction  can  be 
calculated.  The  biggest  source  of  asymmetry  error  is  the  sum  of  the  transmit  and  receive 
equipment  delay  differences  of  the  earth  stations  involved.  For  absolute  time  scale  difference 
determination  this  sum  has  to  be  calibrated  to  the  required  uncertainty. 

One  method  to  accomplish  this  is  to  co-locate  the  two  earth  stations  and  do  TWSTFT  using 
a common  clock. 
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If  this  is  not  feasible,  a third  earth  station  is  subsequent  co-located  with  both  stations,  and  the 
relative  delay  difference  of  each  of  the  two  stations  is  calculated. 

A third  method  is  the  separate  measurement  (calibration)  at  each  earth  station  of  the  absolute 
transmit  delay  and  the  receive  delay  by  using  a special  modified  translator  or  Satellite  Simulator 
in  front  of  the  antenna  and  some  additional  equipment.  The  required  sum  of  the  differences 
can  then  be  calculated.  This  method  was  first  described  by  De  Jong  (1989). 

This  paper  addresses  further  progress.  The  method  is  developed  by  simplifying  and  enhancing 
the  Simulator,  a transportable  equipment  set  has  been  constructed  and  finally  an  automated 
calibration  method  has  been  developed  and  realized. 

2.  Calibration  principle  with  satellite  simulator. 

2.1  Single  frequency  down  converting  satellite  simulator 

The  transmit  frequency  of  a earth  station  to  a communication  satellite  (Fig.  2)  for  Ku- 
band  is  typical  14  GHz,  the  receive  frequency  F<<„  is  lower  by  a fixed  amount,  the  translation 
frequency  DF.  This  DF  is  for  e.g.  Intelsat  in  the  USA  2295  MHz,  in  Europe  1495  MHz. 

A double  balanced  mixer  suitable  for  these  frequency  bands  can  be  used  for  down  conversion 
by  feeding  the  translation  frequency  DF  into  the  IF-port  (Fig.  3a).  When  the  transmit  signal  is 
fed  into  the  RF-port  then  the  LO-port  contains  the  frequency  difference  (F^p  - DF),  which  is 
the  receive  frequency  F*,.  The  required  power  level  for  DF  at  the  IF-port  is  3 to  7 dBm.  The 
conversion  loss  between  the  input  signal  at  the  RF-port  and  the  output  signal  at  the  LO-port 
is  normally  less  than  10  dB. 

An  antenna  connected  to  the  RF-port  receives  the  transmitted  signal  in  one  polarisation  and 
a similar  antenna,  but  with  orthogonal  polarisation,  at  the  LO-port  sends  the  down  converted 
signal  back  to  the  main  antenna  as  receive  signal.  So  this  device  simulates  to  what  a satellite 
transponder  does,  but  now  the  distance  to  the  antenna  is  short  and  known. 

When  performing  TWSTFT  using  this  Satellite  Simulator,  in  this  case  receiving  the  own  signal 
back  (ranging)  (Fig.  4),  the  round-trip  delay  is  measured  from  modem  through  cables,  the 
up-converter,  the  power  amplifier,  the  antenna  feed,  the  distance  to  the  satellite  simulator 
(twice),  the  internal  delay  of  the  simulator,  and  the  complete  receive  equipment  path.  The 
continued  measurement  of  this  sum  delay  already  gives  an  impression  of  the  in.stability  of  the 
equipment,  but  what  we  need  is  the  difference  between  transmit  and  receive  chain.  1 he  next 
chapter  is  a further  step  towards  this. 

2.2  Calibration  with  a dual  frequency  dual  mixer  simulator. 

The  translation  frequency  DF  can  be  obtained  from  a second  mixer  providing  DF  as  the  sum 
frequency  of  two  other  frequencies  (Fig.  3b).  For  a reason  we  will  see  later,  one  of  these 
frequencies  is  chosen  to  be  equal  to  the  70  MHz  IF  frequency  of  the  used  modem.  So  the 
second  frequency  should  be  (DF-70)  MHz.  However,  the  output  level  of  the  second  mixer  is 
too  low  to  excite  the  first  mixer,  and  a wide  band  amplifier  needs  power,  is  active,  and  has  a 
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This  works  similar  to  the  circuit  fFig  4~)  of  naraaranh  7 i n-  c\  u 

delays  TT(k)+TR(k)  can  be  measured.  ' ’ ^^‘'eive 

g.  jHz.  But  the  down  inversion  now  uses  a 70  MHz  PN  modnbf^^H  ci'an  i 

(S2)T,t'rMHrRife^  “ ™ “ ^<o,:  z:\7i 

simiilalor  and  the  receive  chain  delay  TR(k)"i.,  Te'lsure^^  “’  ™ 

By  using  two  other  cables  the  delay  of  the  irsed  70  MHz  Reference  Cable  miY^\  u 
calibrated.  Subtraction  of  DLY3  from  DLY2  gives  the  receive  deliv  TRft^ 

difference  should  be  incorporated  in  TT(k)  and  TR(k).  ’nternal  delay 

3.  Improvement:  dual  frequency  single  mixer  simulator 

S:t.nh“et7  rirMLTor-rdLtr 

IF-pLJ^Yh  Secondly,  the  70  MHz  signal  is  connected  directly  to  t‘he  mker 

effect  ThldlvTe^tor  ‘^^"'^‘^q^ently  signal  reflections  leading  to  a ‘•multi-path” 

?5“HS=— 

For  addition  of  the  70  MHz  and  the  (DF-70)  MHz  signals  we  have  used  a wide  band  fDC-12 
^Hz)  resistive  power  combiner  PF)  t^Fio  7\  xr»ic-  a • l iz 

purpo.sr  ‘ An  amplifier  is  added  in  the  70  MHz  CW  path  for  this 
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3 2 Construction  of  the  Satellite  Simulator 
TKc  resistive  power  r»™bi„er  is  P'-f, 

i:e;7.errrrk‘e':'tr/riigh.  6ive  refleCior,  back  ro  rbe  an.enna  dish. 

The  plasric  rrra.erial  of  rhe  boa  is  rranspareni  to 

needed  for  the  aitrennas.  A nice  Electronics  Lab!)  with  semi-rigid  coaxial 

l7e7d%Mtc!.n:ecror”  The  internal  deUy  from  antenna  to  antenna  is  2 ns  and  matches 
the  delay  from  the  70  MHz  input  to  both  antennas  within  0.1  ns. 

4.  Portable  Satellite  Simulator  Calibration  equipment. 

Two  Satellite  Simulators  were  built  accordingly.  ^ela^calibrnO^.  This 

earth  station.  The  other  was  use  Calibration  Trip  with  the  USNO 

was  used  at  several  stations  during  th  p . j to  calibrate  the 

movable  earlh  station  (FAST)  in  September  „„e  containing  a 5 

fast  delays.  The  rh'e  str  10  MHz  reference 

MHz  distribntion  amplifier  and  a 70  “Hz  and  a source  for  (DF-70)  MHz, 

at  the  station  and  the  other  contarning  the  70  MHz  a^mphner  an 

which  is  .425  MHz  for  Enrope.  Thisjreqriency  P frequency 

at  the  stations.  It  is  tunable  in  5 MHz  stepx  When  g ^ calibration.  To  avoid 

as  in  the  satellite,  the  signal  from  t e sa  e ‘ . ^-cd  m avoid  pointing  to  the  satellite 

possible  interference,  the  antenna  potntmg  Most  stations  have 

or  the  sonree  shonid  be  tuned  >«  “/'f  was  tuned  to  1430  MHz. 

mechanical  adjustment  for  azimuth  an  e e ■ ’ ^ MHz  lower  than  for  the  satellite.  This  is 

The  receive  frequency  for  the  up  to  100  m length 

t^xirected  not  to  give  a significant  delay  difference.  Also  a set  oi  i 

Xwuded  as  ill  as  the  power  supplies.  The  total  mass  was  about  30  kg. 


5.  Automation  of  the  Calibration 


From  TWSTFT  experiments  it  is  -n  that  at  mtegra^^on 

Allan  Deviation  indicates  an  delays  in  the  transmit  and  in  the  receive 

of  the  delays  in  the  station  equipm  . y influence 

equipment  changes  by  the  same  amou  Satellite  Simulator  measures  the  TX  and  RX 

;roq”tr:l?ra;,bry^fTWS^  mso  improve.  To  do  this,  the  calibration  has 

to  be  automated. 

riv?r“:ex:;rof.he:r:"7r=i^^^^^^ 
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a temperature  and  humidity  controlled  room  and  are  expected  to  have  the  least  change. 

5.1  Design  considerations 

The  automation  should  not  disturb  the  correct  termination  of  cables.  When  a cable  carrying  a 
signal  temporary  is  not  used,  it  is  to  be  terminated  correctly.  A solution  for  this  is  the  use  of 
so-called  transfer  .switches:  when  a switch  is  activated  the  existing  path  is  changed  and  a second 
path  is  substituted  (Fig.  9).  These  switches  are  available  in  the  form  of  coil-activated  coaxial 
switches,  relays.  These  relays  are  activated  from  a IEEE-488  bus  through  a relay  adapter. 

Our  MITREX  2500  was  already  made  programmable  through  such  a device,  and  the  same 
applies  to  the  .setting  of  the  transmit  frequency  and  the  receive  frequency.  The  calibration  of 
the  total  delay  of  the  70  MHz  reference  path  (the  70  MHz  CW  cable,  the  amplifier,  and  even 
the  70  MHz  cable  to  the  Satellite  Simulator)  is  also  included  (Fig.  10). 

5.2  Description  of  the  measurements  (Fig.  10). 

5.2.1.  Measurement  of  the  sum  of  internal  TX  and  RX  modem  delays. 

Switch  the  modem  into  the  TESTLOOP  Mode.  Now  the  TX  output  and  the  RX  input  of 
the  modem  are  interconnected  internally.  The  average  Time  Interval  Counter  (TIC)  reading 
is  stored  as  m- 

5.2.2  Measurement  of  the  70  MHz  Reference  path. 

5. 2. 2.1  Determination  of  sum  of  the  delay  of  the  70  MHz  TX  and  the  70  MHz  RX 
cable. 

Only  the  .switches  A and  B are  activated.  Two  ports  of  the  power  combiner  PC  are  used  to 
interconnect  the  far  ends  of  the  TX  and  RX  cables,  the  third  port  is  terminated  in  a termination 
T.  The  TIC  reading  is  averaged  and  stored  as  [4]. 

subsubsubsect5.2.2.2  Determination  of  sum  of  the  delay  of  the  70  MHz  CW  + amplifier  and 
the  70  MHz  TX  cable. 

Only  switches  1,  2,  3,  C and  A are  activated.  Two  ports  of  the  Power  C.ombiner  (PC)  are 
used  to  interconnect  the  far  ends  of  the  CW  and  RX  cables,  the  third  port  is  terminated  in  a 
termination  T.  The  TIC  reading  is  stored  as  [5]. 

5. 2. 2. 3 Determination  of  sum  of  the  delay  of  the  70  MHz  CW  + amplifier  and  the  70 
MHz  RX  cable. 

Only  the  .switches  1,  3,  C and  B are  activated.  Two  ports  of  the  power  combiner  PC  are  used 
to  interconnect  the  far  ends  of  the  CW  and  RX  cables,  the  third  port  being  terminated  in  a 
termination  T.  The  TIC  reading  is  stored  as  (61. 

5. 2. 2. 4 Determination  of  sum  of  the  delay  of  the  70  MHz  CW  + amplifier,  the  two 
cables  to  the  Satellite  Simulator  and  the  70  MHz  RX  cable. 

Only  the  .switches  1,  D and  B are  activated.  Two  ports  of  the  power  combiner  PC  are  used  to 
interconnect  the  far  end  of  the  CW  cable,  the  two  Satellite  Simulator  cables  and  RX  cables, 
the  third  port  is  terminated  in  a termination  T.  The  two  cables  to  the  Satellite  Simulator  are 
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interconnected  by  a power  combiner  in  the  Satellite  Simulator.  The  TIC  reading  is  stored  as 

(71. 

5. 2. 2. 5 Calculation  of  the  70  MHz  Reference  path  delay. 

The  delay  of  the  70  MHz  CW  cable  + amplifier  is:  0.5(|5|  - (I))  + (l^l  - U\)  - ([4]  - [I))  [8] 
The  delay  of  the  sum  of  the  two  cables  to  the  Satellite  Simulator  is  [7]  - [6];  because  of  the  fact 
that  the  two  cables  are  co-located  and  of  the  same  type  the  delay  of  one  cable  is  calculated 
by  the  ratio  R of  the  length  of  that  cable  amipared  to  the  sum  of  the  lengths  of  both  cables. 
In  our  case  both  cables  have  the  same  length,  so  R=  0.5,  thus  the  delay  [9]  of  one  cable  is. 
0.5([7]  - 16]). 

The  total  70  MHz  Reference  path  [10]  is  now:  [8|  + [9] 

5.2.2.  Measurement  of  the  sum  of  all  TX  and  RX  delays. 

For  this  measurement  all  relays  remain  in  the  inactive  position.  However,  the  receive  frequency 
is  lowered  by  5 MHz  to  receive  the  signal  from  the  Simulator  in  stead  of  the  signal  from  the 
satellite  (otherwise  the  antenna  should  be  pointed  away  from  any  satellite).  The  reading  of  the 
TIC  is  averaged  and  stored  as  [2]. 

5.2.3.  Measurement  of  the  sum  of  70  MHz  reference  cable  and  the  RX  delays. 

Now  only  switch  1 is  activated,  so  the  70  MHz  CW  and  the  70  MHz  TX  signals  are  interchanged. 
The  average  TIC  reading  is  registered  as  [3|. 

5.2.4  Calculation  of  the  TX  and  RX  delays. 

The  RX  delay  is:  ([3]  - [1])  - [10]  [11]  The  TX  delay  is:  ([2]  - [1])  - [11]  [12] 

5.3  Wiring  Delays 

In  the  calculations  in  4.2  the  small  and  con.stant  delays  in  the  relay.s,  power  combiners  and 
associated  sort  wirings  were  not  mentioned,  but  these  small  delays  of  up  to  1 ns  were  measured 
and  are  used  as  correction  constants  in  the  .software.  It  appears  that  the  length  of  a signal 
path  through  a high  frequency  device  mostly  is  a good  measure  for  its  delay,  the  same  as  for 
aiaxial  cable:  5 ps  for  1 millimeter. 


6.  Advantages  of  incorporation  of  Calibration  sessions  in  regular 
TWSTFT  measurements. 


The  Calibration  measurements  as  described  in  4.2  can  be  performed  in  a calibration  session. 
Such  a session  can  precede  and  follow  a TWSTFT  session.  From  the  delay  change,  a rate  of 
change  can  be  determined  and  the  results  from  the  TWSTFT  .sessions  can  then  be  corrected 
for  that  change. 

Changes  in  cables  and  equipment  are  also  detected  and  can  be  corrected  for.  Corrections 
could  be  done  also  during  a long  period;  when  both  of  a pair  of  TWSTFT  stations  do  this. 
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then  also  the  frequency  transfer  instability  of  the  TWSTFT  between  them  is  improved  because 
of  a lower  flicker  floor.  The  remaining  instrumentation  instability  source  will  then  be  restricted 
to  the  instability  of  the  modems  and  the  a^untens,  apart  from  the  reference  clocks  themselves. 

7.  Status  and  some  results  at  NMi— VSL 

Part  of  the  system  was  installed  and  used  since  July  1994;  the  Relay  system  is  now  also  installed 
(nov.  ’94),  except  the  connections  of  the  relays  to  the  relay  interface.  Changes  to  our  software 
will  then  be  performed  to  incorporate  the  fully  automated  calibration  in  a Calibration  session. 

Fig.  11  shows  the  behaviour  over  about  4 months  of  our  modem  when  TESTLOOP  measure- 
ments are  done.  Fig.  12  shows  results  over  the  same  period  of  Satellite  Simulator  loop  (TX  -h 
RX  delay)  measurements.  Results  for  the  automated  calibration  system  will  become  available 
next  year.  Also  results  from  calibrations  with  the  portable  delay  calibrator  compared  to  the 
FAST  calibration  will  be  reported  later. 

8.  Conclusion 

The  feasibility  of  this  fully  automated  delay  calibration  system  for  a TWSTFT  earth  station 
using  a special  modified  Satellite  Simulator  has  been  shown.  It  clearly  detects  and  measures 
delay  changes  in  the  TX  and  RX  path  separately.  It  is  a suitable  and  cost-effective  tool  to 
improve  the  instability  of  frequency  and  time  transfer  by  means  of  the  TWSTFT  method. 
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The  timescale  difference  is  given  by: 


TA(1)-TA(2)-  +0.5{TI(1))  (TIC  reading  at  1) 

-0.5{TI(2)}  CnC  reading  at  2) 

+0.5(TS(1 ) - TS(2)}  (SateBite  delay  difference) 

+0.5{T\I(1 ) - TD(1 )}  (Up/down  difference  at  1 ) 

-0.snil(2)  - TD(2)}  (Up/down  difference  at  2) 
+0.5(TT(1)-TR(1)|  (TX/RX  difference  at  1) 

-0.5{TT(2)  - TR(2)}  (TX/RX  difference  at  2) 

-O.SfTCDO)  - TCU(1)|  (Sagnac  + sat.  movement) 
+0.5{TCD(2)  - TCU(2)1  (Sagnac  + sat.  movement) 


Figure  1 . Two-Way  Satellite  Time  and  Frequency  Transfer  Method 


OF 


- Us 

t}ivurr? 


312 


Figure  2.  Typical  TWSTFT  Earth  Station  Configural 
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Figure  9.  Transfer  Switches 


Figure  4.  Ranging  Using  a Satellite  Simulator 
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Figure  5.  (Portable)  Satellite  Simulator  for  Measuring  TR(k)  + TT(k) 


Figure  6.  Satellite  Simulator  for  Measuring  TR(k)  + Reference  Path 
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(DC -12  GHz) 


Figure  7.  Use  of  Power  Combiner  and  One  Mixer 


Figure  8.  Layout  of  the  NMi  Satellite  Simulator 
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Figure  10.  Automatic  Delay  Calibration  System  for  TWSTFT  Stations 
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Abstract 

Current  practice  is  to  incorporate  general  empirical  models  of  the  troposphere,  which  depend 
only  on  the  station  height  and  the  elevation  of  the  satellite,  in  GPS  time  receivers  used  for 
common-view  time  transfer.  Comparisons  of  these  models  wUh  a semi-empirical  model  based  on 
weather  measurements  show  differences  of  several  nanoseconds.  This  paper  reports  on  a study  of 
tropospheric  correction  during  GPS  common-view  time  transfer  over  a short  baseline  of  about  700 
km,  and  three  long  baselines  of  6400  km,  9000  km  and  9600  km.  It  is  shown  that  the  use  of 
a general  empirical  model  of  the  troposphere  within  a region  where  the  climate  is  similar  does 
not  affect  time  transfer  by  more  than  a few  hundreds  of  picoseconds.  For  the  long  distance  links, 
differences  between  the  use  of  general  empirical  model  and  the  use  of  a semi-empirical  model  reach 
several  nanoseconds. 


INTRODUCTION 

Among  the  improvements  open  to  GPS  common— view  time  transfer  is  increased  accuracy  in 
the  estimation  of  the  tropospheric  delay.  It  has  been  assumed  until  recently  that,  for  .satellite 
elevations  above  30  , a general  empirical  modeh  depending  only  on  the  .station  height  and 


319 


PAGP:2]^  INTENTIONALLY  BLANK 


satellite  elevation,  is  sufficient.  However,  when  carrying  out  common-view 
long  distances  (9000  km),  elevations  as  low  as  20  are  unavoidable.  Also,  diflF  ‘ 

receivts  1 different  tropospheric  models  which  can  differ  by  a few  nanoseconds  for  angle 
of  low  elevationH-21.  Progress  can  be  made  by  implementing  recently  established  standards 
for  receiver  software  which  include  a common  model  for  estimating  signal  delays  arising  rom 
tropospheric  refraction  1^1. 

Recent  comparisons  of  the  models  currently  used  by  GPS  time  receivers  with  a -;ni-empincal 
model  based  on  weather  measurements  show  differences  of  several  nanoseconds  ■ - _ 

discrepancy  increases  for  observations  performed  in  hot  and  humid  regions  of  the  world. 

This  paper  reports  on  comparisons  of  GPS  common-view  time  transfers  performed 
Lpo^eric  Ldels  incorporated  in  the  receivers  with  transfers  P'^rformed 
empiriLl  model.  These  comparisons  have  been  carried  out  for  one  short  baseline  of  about  700 
km^and  three  long  baselines  of  about  6400  km,  9000  km  and  9600  km.  It  is  .shown  that  the  use 
of  ihe  general  empirical  model  of  the  troposphere  within  a region  of  similar  climate  ^ 

affect  tfme  transfer  by  more  than  a few  hundreds  of  picoseconds,  while  for  the  intercon  inenta 
GPS  time  links,  differences  between  the  general  empirical  model  and  a semi-empirical  model 
reach  several  nanoseconds. 

TROPOSPHERIC  DELAY  AND  ITS  MODELS 

The  troposphere  is  the  lower  layer  of  the  atmosphere  extending  from  ground  level  to  the  base 
of  ^ rrsphere.  For  radio  frequencies,  delay  due  to  the  troposphere  ranges  typically  from 
about  10  ns  for  the  zenith  to  about  100  ns  for  an  elevation  of  5“  : it  depends  on  the  thickness 
of  the  troposphere  and  the  content  of  water  vapour  along  the  line  of  sight.  Tropospheric  de  ay 
?comlnly Expressed  as  the  sum  of  two  components  ‘di^’  and  ‘wet’.  The  ‘wet’  component  is 
due  to  water  vapour  and  can  reach  15  % of  the  total  correction. 

At  radio  frequencies,  unlike  optical  frequencies,  the  troposphere  is  a non-dispersive  medium. 
Thus  the  tropospheric  delay  cannot  be  estimated  from  two-frequency  measurements  as  can 
Ti^neVerk  delay.  In-steLl,  estimation  of  the  delay  relies  on  the  use  of  one  of  a number 
of  modelsl’l.  The  ‘dry’  component  can  be  accurately  estimated  from  mo  e s 

mtasurements  pressure  alone.  The  'wcT  components  '» 

model,  since  measurements  of  meteorological  conditions  at  the  antenna  site  are  generally 
representative  of  conditions  along  the  line  of  sight. 

That  several  tropospheric  models  have  been  developed  is  mainly  because  of 
in  modelling  the^  wet’  component.  Usually  the  delays  are  evaluated  in  the  zenith  direction. 
The  flnith  corrections  are  then  ‘mapped’  down  to  lower  angles  of  elevation  using  mapping 
functions.  Models  are  either  semi-empirical,  based  on  surface  measurements  of  the  l^oca 
temperature,  atmospheric  pressure  and  relative  humidity,  or  enripirjca  , o"  " 

refefence  atmosphere  requiring  only  the  station  height  and  the  angle  of  elevation  to  the  satellite. 

Of  the  semi-empirical  models,  some  of  the  best  known  have  been  developed  by  Hopfield 
and  Saastamoinen,  and  are  widely  used  within  the 

as  reference  a model  developed  by  the  Jet  Propulsion  Laboratory  (JPL)  for  its  deep  space 
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missionsr*.  ’].  Evaluated  against  balloon  measurements,  it  was  found  that  this  model  is  able  to 
predict  the  zenith  tropospheric  delays  with  an  accuracy  at  the  subnanosecond  level. 

The  tropospheric  corrections  currently  used  by  the  timing  community  are  computed  according 
to  general  empirical  models  which  neglect  the  contribution  due  to  the  ‘wet’  component. 
Consequently,  the  errors  resulting  from  these  simple  models  may  exceed  3 ns  in  a one-way  range 
delay  at  20°  angle  of  elevation.  The  three  models  usually  implemented  are  NBS0*1,  STIOO 
and  STANAGH2J.  The  STANAG  model  is  recommended  in  recently  established  standards  for 
GPS  time  receiver  software.  In  previous  papers  these  models  have  been  compared  with  one 
another  and  with  semi-empirical  models.  Differences  can  reach  several  nanoseconds  for  low 
elevation  angles. 


THE  EXPERIMENT 

To  illustrate  the  possible  impact  on  GPS  common-view  time  transfer  of  the  approximate  models 
of  tropospheric  delay  used  in  GPS  time  receivers,  four  time  laboratories,  listed  below  were 
chosen.  Several  criteria  contributed  to  this  choice.  The  basic  criterion  was  the  availability  of 
meteorological  data  recorded  at  the  site.  Next,  two  time  laboratories  had  to  be  located  in 
the  same  climatic  zone  (BIPM  and  OCA)  and  the  other  laboratories  had  to  be  situated  as  far 
away  as  possible  and  in  climatic  zones  as  different  as  possible.  This  last  criterion  was  the  most 

difficult  to  fulfil  as  can  be  seen  from  the  table  below,  which  lists  the  geographical  latitudes  of 
the  sites. 

Participating  time  laboratories  in  this  experiment  were: 


BIPM,  Bureau  International  des  Poids  et  Mesures,  Sevres,  France,  Lat.  = 49  N H = 
127  m, 

OCA,  Observatoire  de  la  Cote  d’Azur,  Grasse,  France,  Lat.  = 43  N,  H = 1322  m, 

USNO,  United  States  Naval  Ob.servatory,  Washington  D.C.,  U.S.A.,  Lat.  = 39  N,  H = 
51  m, 

CRL,  Communications  Research  Laboratory,  Tokyo,  Japan,  Lat.  = 36  N,  H = 130  m. 


The  GPS  time  receivers  operating  at  the  BIPM,  the  OCA  and  the  CRL  used  the  NBS  type 
tropospheric  model,  and  the  receiver  used  at  the  USNO  used  the  STI  type  tropospheric  model. 

Four  GPS  common-view  time  links  , listed  below,  were  considered.  The  short  baseline  link, 
BIPM-OCA,  was  analysed  to  see  if  there  is  any  impact  of  approximated  tropospheric  delay  on 
GPS  common-view  time  transfer  in  the  same  climatic  zone.  The  three  long  baseline  links  were 
considered  for  their  climatic  differences  and  low  angles  tracks. 


BIPM  - OCA, 
OCA  - USNO, 
OCA  - CRL, 
USNO  - CRL, 


of  700  km,  with  32  daily  CV  possible,  according  to  Inter.  GPS  CV  Sched.  No  20, 
of  6400  km,  with  18  daily  CV  possible,  according  to  Inter.  GPS  CV  Sched.  No  20, 
of  9000  km,  with  14  daily  CV  possible,  according  to  Inter.  GPS  CV  Sched.  No  21,' 
of  9600  km,  with  8 daily  CV  po.s.sible,  according  to  Inter.  GPS  CV  Sched.  No  21.  ' 
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The  BIPM-OCA  link  was  analysed  in  terms  of  the  available  meteorological  data  for  22  and  23 
April  1993,  and  three  other  links  were  analysed  for  26  August  1993. 

Elevation  angles  by  track  and  location  are  given  in  Figures  1,  5,  9,  and  13.  For  each  the 
Track  was  computed  at  both  sites  using  both  the  simple  empirical  model  m the  receiver  and 
the  JPL  semi-empirical  model  based  on  surface  weather  measurements.  The  results  are  given 
, tr-  c 9 A 7 10  11  14  and  15  Differences  between  the  two  models  ranging  from  0.4 
ntfo’r  t’he'  shon  baseline  link,  and  from  1 ns  to  6 ns  for  long  baseline  links,  can  be 
observed  Next  the  common  views  between  the  two  .sites  were  computed  using  the  r'^ceiver 
and  JPL  models.  The  peak  to  peak  differences  between  the  two  computations  for  individual 
common  views  do  not  exceed  a few  hundreds  of  picoseconds  for  the  short  baseline  link  (Fipire 
4)  and  reach  5 ns  for  the  long  distance  links  (Figures  8,  12,  and  16).  For  two  bngest  long  m s 
OCA-CRL  and  OCA-USNO,  a clear  bias  of  a few  nanoseconds  may  be  . 

because  low  elevation  angles  and  limited  number  of  common  views  were  ava  able.  For  the 
shortest  of  the  long  distance  links,  OCA-USNO,  large  discrepancies  in  the  results 
(Figure  8)  This  i.s^due  to  the  large  differences  in  the  elevation  angles  at  both  sites  (Figure  5). 


CONCLUSIONS 


1.  The  use  of  a .standardized  tropospheric  model  in  GPS  time  receivers  is  essential  for 
accurate  time  comparisons. 

2.  For  GPS  time  links  within  a region  of  similar  climate,  the  use  of  a simplified  standard 
tropospheric  model  is  sufficient  for  1 nanosecond  accuracy. 


3.  For  intercontinental  GPS  time  links;  c 

onimon  views  should  be  performed  at  the  same  elevations  at  each  side  the  use  of  a more 
.sophisticated  model  based  on  surface  measurements  should  be  considered  and  studied  more 

closely. 
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FIGURE  1.  Elevation  angles  of  each  tiack  on  22-23  April  1993  at  the  BIPM  and  OCA.  They  are  the 
same  within  1°. 
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FIGURE  2.  Tropospheric  delays  according  to  the  JPL  and  the  NBS  models  at  the  BiPM  on  22-23 
April  1993  for  each  track  in  the  direction  of  the  OCA. 
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FIGURE  5.  Elevation  angles  of  each  track  on  26  August  1993  at  the  OCA  in  the  direction  of  the 
USNO  and  at  the  USNO  in  the  direction  of  the  OCA. 
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FIGURE  6.  Tropospheric  delays  according  to  the  JPL  and  the  NBS  models  at  the  OCA  on  26  August 
1993  for  each  track  in  the  direction  of  the  USNO. 
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FIGURE  7.  Tropospheric  delays  according  lo  the  IPL  and  the  STI  models  at  the  USNO  on  26  Agust 
1993  for  each  track  in  the  direction  of  the  OCA. 
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FIGURE  8.  [OCA  Cs  clock  - UTC(USNO  Master  Clock)]  as  obtained  by  GPS  common  views  with 
the  NBS  and  STI  tropospheric  models  minus  [OCA  Cs  clock  - UTC(USNO  Master  Clock]  as  obtained 
by  GPS  common  views  with  the  JPL  tropospheric  model  for  each  track  on  26  August  1993. 


327 


o 

cn 


FIGURE  9.  Elevation  angles  of  each  track  on  26  August  1993  at  the  OCA  in  the  direction  of  the  CRL 
and  at  the  CRL  in  the  direction  of  the  OCA. 
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FIGURE  10.  Tropospheric  delays  according  to  the  JPL  and  the  MBS  models  at  the  OCA  on  26 
August  1993  for  each  track  in  the  direction  of  the  CRL. 
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FIGURE  1 1.  Tropospheric  delays  according  to  the  JPL  and  the  MBS  models  at  the  CRL  on  26  August 
1993  for  each  track  in  the  direction  of  the  OCA. 
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FIGURE  12.  (OCA  Cs  clock  - UTC(CRL)J  as  obtained  by  GPS  common  views  with  the  NBS 
tropospheric  model  minus  [OCA  Cs  clock  - UTC(CRL)|  as  obtained  by  GPS  common  views  with  the 
JPL  tropospheric  model  for  each  track  on  26  August  1993. 
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figure  13.  Elevation  angles  of  each  track  on  26  August  1993  at  the  USNO  in  the  direction  of  the 
CRL  and  at  the  CRL  in  the  direction  of  the  USNO. 


FIGURE  14.  Tropospheric  delays  according  to  the  JPL  and  the  STI  models  at  the  USNO  on  26 
August  1993  for  each  track  in  the  direction  of  the  OCA. 
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FIGURE  15.  Tropospheric  delays  according  to  the  JPL  and  the  NBS 
1993  for  each  track  in  the  direction  of  the  USNO. 
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FIGURE  16,  [UTC(USNO  Master  Clock)  - LTrC(CRL)|  as  obtained  by  GPS  common  views  with  the 
STI  and  NBS  tropospheric  model  minus  (UTC(USNO  Master  Clock  - UTC(CRL))  as  obtained  by  GPS 
common  views  with  the  JPL  tropospheric  model  for  each  track  on  26  August  1993. 
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QUESTIONS  AND  ANSWERS 

MARC  WEISS  (NIST):  I wonder  if  you  did  a comparison  of  the  effects  of  using  measurements 
of  humidity  versus  not  using  measurements  of  humidity,  say,  in  the  more  accurate  models,  like 
the  CHEL  model?  I’m  asking  this  because  even  if  we  use  the  CHEL  model,  it  s easy  o us 
it  in  the  receivers;  but  still,  if  we  have  to  measure  the  humidity  and  have  other  measuremen  s 

that  go  into  it,  that’s  a lot  harder. 

DR  LEWANDOWSKI  (BIPM):  It  was  considered  to  include  in  the  standard  format  the 
measurement  of  humidity  temperature.  But  this  point  was  discussed,  and  finally  majority  of 
the  involved  people  decided  not  to  do  it,  because  of  this  external  measurements  to  the  receiver. 

But  there  is  a possibility  to  add  additional  columns  with  these  measurements.  But  this  issue 
of  measuring  meteor  conditions  comes  in  laboratories  which  measure  Internationa  time  m . 
So  it’s  not  of  concern  to  many  people;  it’s  for  those  who  want  to  do  more  accurate  studies. 

MARC  A.  WEISS  (NIST):  So  my  question  is  whether  you  compare  usang  measurements 
v^rt^lt  using  measurements  in  the  tropospheric  model.  What  differences  does  that  produce? 

W.  LEWANDOWSKI  (BIPM):  In  measuring  and  not  measuring?  It  was  peak  differences 
up  to  five  ns  in  the  intercontinental  time  links. 

DAVID  ALLAN  (ALLAN’S  TIME):  I would  like  to  actually  make  a comment  in  regard  to 
mcTting  pc,Vmc  hod  which  the  USNO  has  introduced  or  has  used,  I thmk.  q.ute  effeevely. 
r„  tWs  ca?e,  of  course,  the  satellites  are  at  high  elevation  angles.  And  the  quest, on  ,s  - and 
maybe  this  is  really  a question  of  Dr.  Winkler  — one  would  like  to  do  the  same  thing  that 
has  been  done  with  common  view,  that  is,  go  A to  B,  B to  C,  C back  to  , an  ^ 

around  the  ulobe  so  you  can  test  the  around-the-world  accuracy.  And  because  of  the  hig 
altitudes  that  yon  can  achieve  in  using  the  melting  pot  method  it  would  be  tnteresttng  to  do 
the  same  thing,  A to  B,  B to  C,  and  go  around  the  globe  and  check  the  closure 
don’t  know  whether  that’s  been  done  or  not.  Dr.  Winkler,  do  you  know. 

W LEWANDOWSKI  (BIPM):  Of  course,  using  melting  pot  and  high  elevations 
Z inditions.  But  again'  for  very  accurate  time  links,  measuring  meteor  a>nditions  should  be 
considered  also,  for  any  observations.  If  you  want  to  go  down  under  one  ns. 

At  this  moment,  when  we  have  troubles  with  receivers,  they  are  noisy  at  the  level  ’ 

this  issue  is  not  so  urgent.  But  with  future  receivers,  and  if  we  want  to  go  down  under  one  ns, 

it  should  be  gathered. 
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1 INTRODUCTION 

detection  and  ranging)  is  an  instrument  developed  just  before 
the  WW-II  to  precisely  measure  the  position  of  an  object  (target)  in  space  This  is  done  bv 
emitting  a narrow  pulse  of  electromagnetic  energy  in  the  RF  spectrum,  receiving  the  return 
nroLa"c  the  time  of  flight  in  the  two-way  path  from  the  emitter  to  the^arget.  The 

p pagdtion  delay  provides  a measure  of  the  range  to  the  target,  which  is  not  in  itself  sufficient 
to  uniquely  locate  the  position  of  the  same  in  space.  However,  if  a directional  antenna  is  used 
the  direction  of  the  echo  can  be  asse.ssed  by  the  antenna  pointing  angles  . In  this  way  the 
position  of  the  target  can  be  uniquely  determined  in  .space.  How  well  this  can  be  done^  is  a 
function  of  the  resolution  of  the  measurements  performed  (range  and  direction  L anglesV  in 
turn,  the  resolution  will  dictate  the  time  and  frequency  requirements  of  the  reference  oscillator 

2 ANGULAR  RESOLUTION 

In  resolution  AO,  of  an  antenna  is  a function  of  its  beamwidth  and,  in  principle  for 

wavelength  ^ imittid  by  the  laws  of  diffraction  for  an  electromagnetic  wave  with  a 

Of  fhe  collecting  area  of  antenna  orthogonal  to  the  direction 
of  interest.  For  an  antenna  with  a reflector,  such  as  the  ones  used  in  radar  L is  thTlinTar 

raSmluTanV^  I For  a circular  reflector,  AO  is  the  same  for  any  angle’ being  measured 

thes^dflectionl constant  (L  is  the  diameter)  along 

For  a microwave  Real  Aperture  Radar  (RAR)  working  at  X-band  (f  = 10  GHz  A = 0 03  ml 
J?i?  primarily  limited  by  the  size  of  the  antenna;  for  a 3 mete’r  antenna  the 

reception  a/a  Mnai  r.f  sn^if  same  antenna  is  used  for  transmission  and 

. , /.  . translates  in  a position  inaccuracy  of  about  500  m which 

!h  inaccuracy  of  most  radars  at  the  same  distance^  The  large  beamwidth 

an.e„L  di“s 
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3 INTERFEROMETRIC  TECHNIQUES  interferometric 

To  overcome  this  limitation  without  receiving  the  same  return  echo 

configuration  can  be  used  instead,  whc  • requires  the  use  of  the  same 

which  is  time-tagged  with  respect  tl,  introduce  uncalibrated  differential 

frequency  reference  m the  radar  with  eaXother.  This  arrangement  is  the 

phase  delays  or  of  two  frequency  re  ^ Connected  Elements  Interferometry  (CEI, 

‘’l"'  T rja^hdl^cm  i„.erfero.e.nc  array)  or  for  .he 

LargeTaLline  (VLB.,  using  separate  coheren,  osclla.ors), 

4 THE  SYNTHETIC  APERTUM^^ 

A different  scheme  was  developed  whc  g . . „ . ,his  scheme,  the  fact 

purposes:  the  so-called  Synthetic  pc  s ‘ exploited,  by  considering  that  the 

lha.  the  airborne  radar  was  carried  ^ limJs,  therefore  acting  as 

S!L“l“h";imesfi.d  ^ imaging  applications  this  technique  works  ven, 

well. 

ra:en:!::lctrernrb:4t,''S:,n::SS:4^^^  ifs  P-ifion  vs,  time  is  precisely  set 
by  the  laws  of  the  classical  celestial  mechanics. 

a SAR,  the  diffraction-limited  -»>mi<.n  «f  » ;irr;;;!,r'of1rln'’c^m“m 

Sfp^'r^iJrb^rifadjLenTpotm  the  ground  'to  increase  the  across-range  resolution. 
The  Doppler  effect  can  be  written 


(•2) 


I 


where  is  the  Doppler  shift  (in  Hr)  / is 

cartying  platform  thts  may  be  an  a.  c aft  o a spacecraft  " pagation  of  the  electromagnetic 

rol'w^rpropa^a.iSn^  Since:  X-.://,  eq,  (2)  can 

be  rewTitten  as:  ^ 2vcos0  (;i) 

f Doppl  — 

• • 1 1 thi'  ^ions  (ref  wc  can  derive  the  rate  of  change  of  the 

By  differentiation  and  neglecting  the  signs  (^rei.  ij, 

Doppler  shift  as: 


Doppl 


2v  • Sin  0 AO 


Since  the  angular  change  A(^  is  related  to  the  resolution  /V,  (see  eq.  (1)  above): 

A0=^ 


(4) 

(5) 


eq.  (4)  becomes: 


Ru 


R\ 
'Iv  • sin  9 


' Doppl 


(6) 


^Hs5atsSS5St  ** 
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5  RANGING  ACCURACY 

Tht  ranging  resolution  AR  (and  accuracy)  for  a pulse  radar  is  essentially  a function  of  how 
well  the  round  trip  time  of  the  transmitted  pulse  is  measured: 


where  c is  the  speed  of  propagation  of  the  electromagnetic  wave  and  At  is  the  rise  time  of  the 
received  pulse.  If  the  pulse  is  severely  distorted  by  the  propagation  effects  or  by  the  reflection 
from  the  target,  then  it  is  better  to  consider  Ar  as  the  full  width  of  the  transmitted  (received) 
pulse.  For  a depression  angle  (/;  in  the  ZX  plane,  the  resolution  ft,  along  the  x-axis  (Fig.  1) 
becomes: 


Aft: 


At 

2 cos  (f> 


ft,. 


(8) 


6  RANGING  ACCURACY  IN  NOISE 

From  the  information  theory,  for  a signal  affected  by  noise,  it  has  been  shown  (ref.  4)  that 
the  accuracy  of  a time  interval  estimate  is  related  to  two  parameters:  the  signal  to  noise  ratio 
of  the  received  signal  (S/N)  and  the  associated  bandwidth  BW  (see  ref.  2,  page  5,  and  ref.  3, 
page  8): 

1 2E 

^ — 7=:aiulft„  = — (9) 

/f  • v/fto  ^ ^ 


where  ft„  is  the  ratio  of  the  peak  signal  to  noi.se  power  and  3 = /f|2]  is  the  normalized  second 
moment  of  the  signal  energy  spectrum: 


r 

>f  - oc 

Ml) 

L . 

IMDf 

■ df 

r 

— rxri 

■ df  r 

^ R - OC 

[M/)f 

■ df 

(10) 


and  is  a measure  of  the  signal  bandwidth.  The  larger  the  bandwidth,  the  better  the  determination 
of  the  time  interval  that  can  be  obtained  from  the  measurement. 


7  TIME  AND  FREQUENCY  REQUIREMENTS  FOR  A SPACE- 
BORNE  SAR  RADAR 

Spaceborne  imaging  radars  are  especially  useful  becau.se  of  the  characteristics  of  the  electromag- 
netic portion  of  the  spectrum  in  which  they  operatebl:  the  atmosphere  is  a strongly  absorbing 
medium  in  the  visible  and  infrared  region,  especially  in  overcast  or  rainy  weather,  when  visible 
or  infrared  detectors  cannot  operate.  By  providing  their  own  .source  of  radiation,  radars  can 
operate  at  night  and  penetrate  the  atmosphere  with  a smaller  attenuation  than  optical  sen.sors, 
thereby  providing  an  all-weather  imaging  capability,  even  if  they  are  not  capable  of  the  same 
detailed  image  resolution  that  can  be  provided  by  optical  .sensors. 

The  most  interesting  and  diffused  active  microwave  instruments  are  the  Radar  Altimeters  (RAs) 
and  the  Synthetic  Aperture  Radar  (SAR).  In  the  near  future,  other  instruments  such  as  the  Rain 
Observation  Radar  and  the  Cloud  Radar  will  be  developed  and  launched.  The  RA  generates 
three  measurernents:  (1)  the  height  of  the  spacecraft  over  the  Earth  surface,  (2)  the  sea  waves 
standard  deviation,  (3)  the  wind  speed  at  the  sea  surface  based  on  reflectivity  measurements. 
The  RAs  are  nadir-looking  instruments,  generally  operating  at  Ku-band  (13.5-13.8  GHz), 
tran.smitting  a linearly  modulated  (chirp)  pulse  with  a typical  bandwidth  of  320  MHz.  The 
transmitted  power  varies  between  5 and  70  W,  depending  on  the  design  and  the  application. 
The  footprint  is  in  the  order  of  15-20  km  with  an  antenna  of  1 m diameter.  The  interesting 
characteristic  is  that  this  instrument  is  maintained  in  operation  along  all  the  orbit  (altitude: 
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500  - 1200  km),  irrespectively  of  whether  it  is  designed  to  track  all  the  globe  surface  or  the 
oceans  only. 

The  SAR  instruments  are  coherent  radars  which  use  the  motion  of  the  spacecraft  to  pnerate 
the  synthetic  aperture  to  increase  the  azimuth  resolution  and  produce  2-dimensional 
of  the  Earth  surface.  Spaceborne  SARs  are  operating  in  the  following  bands;  L b,  t , A,  Ku; 
the  transmitted  pulses  have  bandwidths  ranging  from  a few  kHz  to  300  MHz.  The  access  area 
on  the  ground  may  vary  from  50  km  to  more  than  500  km  in  the  more  Powerful  SARs  using 
steerable  antenna  beams.  The  transmitted  peak  power  from  a SAR  can  reach  the  3-5  kW  with 
antennas  as  large  as  30  m“. 

The  geometry  of  RA  and  SAR  electromagnetic  illumination  of  the  Earth  surface  during  a 
typical  mission  is  shown  in  Fig.  1,  where  the  parameters  of  interest  (access  arei^  swath,  height, 
etc  ) are  clearly  identified.  (The  swath  angle  is  equivalent  to  the  instantaneous  field  of  view  for 
an  optical  instalments,  defining  the  size  of  the  image  taken  by  the  SAR;  however  because  of 
the  peculiar  technique  used  by  SARs,  the  swath  angle  refers  only  to  the  acros^rap  dimpsion 
of  the  image.)  When  we  consider  a satellite  orbiting  the  Earth  at  about  h - 1000  km  of  heigp 
in  a near  circular,  polar  orbit,  which  is  the  typical  orbit  for  a remote  sensing  SAR  satellite,  the 
linear  velocity  (in  km/s]  of  the  satellite  in  the  orbit  is  given  by. 

and  can  be  computed  to  be  about  7 km/s,  assuming  for  R (Earth  radius)  an  average  value  of 
6370  km.  The  orbital  period  P [in  minutes]  can  be  computed  as; 

= 84.4  • i/tl  + (P'^) 


and  comes  out  to  be  around  100-105  minutes  for  the  previous  paranaeters.  On  the  spsatel  ite 
track  the  SAR  image  moves  at  a linear  velocity  of  about  6.35  km/s.  If  the  image  is  to  be  located 
with  a maximum  error  of  400  m,  then  the  timing  accuracy  required  to  precisely  correlate  such  an 
image  to  its  position  on  the  subtrack  is  only  63  ms.  An  overall  synchronization  accuracy  of  5 p 
10  ms  seems  more  than  justified  to  .satisfy  this  requirement.  However,  if  the  single  pixel  of  the 
image  is  to  be  correlated  with  its  position  on  the  .subtrack,  since  the  pixel  corresponds  roi'gnly 
to  the  resolution  cell  of  the  SAR  (a  few  meters),  then  the  timing  accuracy  increases  to  04  ms, 
and  an  overall  synchronization  accuracy  in  the  range  of  50  to  100  //s  must  be  achieved.  This  is 
generally  beyond  the  capability  of  the  bandwidth  and  delay  stability  of  the  command/telemetry 
data  links,  unless  use  is  made  of  the  wide  bandwidth  data  link  relaying  back  to  Earth  the  data 
acquired  by  the  spaceborne  SAR. 

The  positioning  and  timing  requirements  can  be  easily  sati.sfied  with  an  onboard  GPS  receiver, 
but  for  the  sake  of  providing  a complete  autonomy  to  the  system,  especially  desirable  if  the 
SAR  is  used  for  national  security  purposes,  we  have  investigated  other  possibilities  to  provide 
such  a synchronization.  As  we  are  going  to  show  thereafter,  one  interesting  possibility  can 
be  provided  by  the  use  of  the  pulses  of  SAR  itself;  the  possibility  is  interesting  since,  besides 
providing  the  desired  accuracy  in  the  synchronization  of  the  onboard  clock,  the  technique  may 
have  other  interesting  spinoffs. 

Frequency  accuracy  and  stability  requirements  are  dictated  mainly  by  the  specified  resolution  of 
the  SAR  measurements.  To  perform  good  ranging  measurements  [see  eq.  (7)],  it  is^  important 
that  the  onboard  frequency  reference  is  stable  (a  few  parts  in  10  *)  and  accurate  for  the  ful 
duration  of  the  mission  (2-3  years  typical).  Again,  a measure  of  the  frequency  of  the  onboard 
oscillator  can  be  easily  derived  in  terms  of  time  offset  measurements  (.synchronization),  it  these 
are  taken  and  recorded  over  a sufficient  interval  of  time.  Furthermore,  the  .short  term  stability 
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of  the  on-hoarcl  oscillator  should  be  good,  to  insure  a low  jitter  in  the  transmission  of  the  pulse 
and  reception  of  the  echo  (this  can  be  degraded  by  the  phase  noise  of  the  local  oscillator), 
thereby  insuring  a good  precision  in  the  round-trip  time  interval  measurement. 

Frequency  stability  requirements  are  dictated  mainly  by  eq.  (5).  Since  frequency  and  time 
stability  are  equivalent: 

A/ 

— = fracAtt  (i;5) 

the  short  term  stability  of  the  oscillator  over  the  round  trip  time  interval  (around  7 ms  for  a 
1000  km  range)  mu.st  be  capable  of  allowing  the  measurement  of  the  rate  of  change  of  the 
Doppler  shift:  for  a 10  Hz  frequency  resolution  at  X-band,  this  turns  out  to  be  around  1 
at  a sampling  time  r=  7 ms.  The  characteri.stics  of  radar  frequency  .sources  used  on  operational 
spaceborne  SARs  designed  by  Alenia  Spazio  are  listed  in  Table  1 . 

8 RANGING  RESOLUTION  (2-WAY)  VERSUS  TIMING  CA- 
PABILITY (1-WAY) 

In  order  to  evaluate  the  potential  of  the  radar  signal  to  transfer  precise  time,  we  must  look 
again  at  the  SAR  specifications;  for  the  SAR  that  we  are  considering  the  specified  ranging 
accuracy  is  in  the  order  of  3 to  10  meters:  this  translates  to  one-way  time  delay  accuracies 
in  the  order  of  20  to  60  ns  worst  case,  since  the.se  figures  can  be  further  reduced  by  the 
consideration  that  they  apply  to  a two-way  measurement,  and  that  for  a one-way  trip  the  signal 
to  noise  ratio  is  much,  much  better  (since  the  RF  power  decreases  as  the  square  of  the  range 
and  not  with  the  fourth  power,  and  the  lo.ss  due  to  the  target  reflection  [elTective  radar  cross 
section]  can  be  totally  neglected). 

Table  2 shows  a comparison  between  the  SAR  and  the  well  known  GPS  .system;  the  comparison 
applies  to  several  parameters  relevant  to  the  one-way  time-transfer  accuracy.  Even  if  a full 
as.sessment  of  the  capabilities  of  the  SAR  technique  for  time  transfer  has  not  yet  been  completed, 
nevertheless  a quick  inspection  of  the  table  2 with  reference  to  eq.  (8)  shows  the  potential  of 
the  technique. 

Obviously,  the  well  known  limitations  of  the  one-way  technique  (propagation  delays)  still  apply, 
and  they  remain  the  main  factor  in  determining  the  overall  timing  accuracy  of  the  technique, 
presently  limited  by  our  knowledge  of  the  troposphere  and  ionosphere  behavior  (propagation 
models);  dual  frequency  operation  (on  new  RAs)  certainly  will  improve  the  iono.spheric  delay 
uncertainty  by  a direct  measurement  of  the  ionospheric  delay. 

9 PULSED  AND  CHIRPED  RADARS 

Early  radars  irsed  pulses  of  RF  energy  for  ranging  purposes.  While  pulsed  radars  represent 
the  easiest  and  historically  older  approach  to  range  determination,  since  a pulse  with  a sharp 
rise  time  seems  an  ideal  waveform  because  of  its  wide  bandwidth,  yet  they  suffer  from  other 
limitations.  Multiple  returns  or  widening  of  the  pulse  waveform  becau.se  of  the  dispersive 
characteristics  of  the  medium  .severely  distort  a narrow  pulse;  widening  the  pulse  decreases 
the  accuracy  of  the  measurement.  Moreover,  the  narrow  RF  pulses  make  inefficient  use  of 
the  power  available  at  the  transmitter  and  of  the  bandwidth  of  the  communication  channel, 
providing  a poor  RF  power  density  in  the  frequency  domain  over  the  spectrum  of  interest  (the 
bandwidth  BW  of  the  transmitted  pulse). 

In  general,  the  performance  of  narrow  pulses  as  a time  mark  for  ranging  or  synchronization 
purposes  is  poor  with  respect  to  other  systems  such  as  spread-spectrum  (SS-PRN:  Spread 
Spectrum  Pseudo  Random  Noise)  modulation  techniques,  nowadays  widely  used  for  the  above 
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mentioned  purposes.  However,  the  latter  method  is  complicated  to  implement,  requires  code 
lynchlonfeaKon  to  be  acquired  and  maintained,  and  for  these  reasons  ,s  not  well  smted  for 
rLging  uncooperative  targets,  where  the  S/N  ratio  can  be  low,  severely  limiting  the  code 
tracking  capability  for  SS-PRN  systems. 

Radar  technology  has  developed  another  technique  to  overwme  some  of  the  previous  limitations 

while  making  efficient  use  of  the  bandwidth  available.  (This  technology  n^I^inn 

only  but  it  has  been  applied  also  to  sonar  ranging  or  to  optical  (laser)  pulse  compressK  n.) 
This’  makes  use  of  the  compression  of  a wide  pulse  in  the  time  domain  exploiting  the  peculiar 
frequency  domain  characteristics  of  the  pulse  itself.  The  pulse  can  be  compressed 
(frequency  modulation)  or  digital  (Barker  codes)  methods.  The  pulse  is  coded  in  transm  ssion 
and^compLs.sed  when  received  using  properly  matched  filters.  Consider  a transmitted  pulse  of 

duration  t,  linearly  frequency  modulated  from  /i  to  /a  at  a rate  of 

h - Ji  (14) 

T 

fsee  Fic.  2).  The  received  signal  is  fed  to  a frequency-  dependent  delay  line,  so  that  the 
low  frequency  portion  of  the  spectrum  (which  is  received  first  in  the  case  shown  in  Fig.  - ) is 
delayed^ of  a^eater  amount  than  the  higher  frequency  components  (that  are  received  later)^ 
HenL  at  the  output  of  the  delay  line  all  the  components  appear  at  the  same  time,  effectively 
compressing  the  RF  energy  of  the  pulse  in  a very  narrow  interval  m the  time  domain. 

The  final  output  is  equivalent  to  a very  narrow  pulse  even  if  the  transmitted,  reflected  and 
received  waveforms  are  of  considerable  duration  in  the  time  domaim  For  the  conservation  of 
the  pulse  energy,  the  amplitude  of  the  compressed  pulse  will  be  higher  than  the  amplitude  ^ 
the  received  pulse.  This  pulse  will  have  a sinx/x  characteristic,  with  a maximum  value  of  ^/D 
where  D is  defined  as  the  dispersion  factor,  and  is  equal  t (/2-/i).  The  compression  ratio  Kr 
is  the  ratio  of  the  transmitted  pulse  width  to  the  compre.ssed  pulse  n. 

K,.  = - (1^) 

Tf 

Therefore,  a one  microsecond  pulse  with  Kr  = 100  yields  a compressed  output  pulse  of  10 
ns  with  a range  resolution  capability  of  1.5  m.  A modern  spaceborne  SAR  may  work  wi  h 
higher  values  of  Kr.  typically,  a 100  Is  pul.se  will  offer  the  same  level  of  performance  with 
= 100000,  the  main  limitations  being  the  capability  to  linearly  modulate  the  transmittec 
pulse  with  minimum  deviation  from  linearity,  the  phase  delay  flatness  of  the  receiver  and  the 
linearity  of  the  receiving  delay  line. 

10  TIMING  USE  OF  THE  CHIRPED  PULSE  , , , 

The  most  common  techniques  to  synthesize  digitally  a waveform  include  methods  where  samp  es 
of  the  waveform  are  precomputed  and  stored  (typically  in  RAM),  or  where  the  values  of  circular 
functions  (sine,  cosine)  are  stored  in  memory  (look-up  table).  The  second  approach  onys 
many  advantages:  a signal  wider  bandwidth  and  higher  center  freque^y,  a reduction  in  he 
hardware  complexity  if  different  waveforms  have  to  be  generated,  etc.  The  key  element  is  the 
Numerical  Controlled  Oscillator  (NCO)  which,  under  external  control,  generates  time-discrete 
sinusoidal  samples  (see  Fig.  4).  With  an  NCO-approach  to  the  chirped  pu  se  generation  the 
waveform  can  be  modulated  easily  in  amplitude  (again,  using  a digital  control  or  in  analog  form 
by  acting  on  the  reference  voltage  of  the  Digital-to-Analog  Converter  |DAC,  see  Fig.  ]), 
frequency  or  phase.  Phase  modulation,  for  example,  will  not  disturb  the  frequency  chara^cteristic 
of  the  chirped  pulse,  while  providing  a mean  to  convey  data  superimposed  to  the  RP  carrier 
within  the  pulse  width. 

Working  with  a 100  /^s  pulse  at  X band  will  provide  a considerable  time  interval  and  bandwidth 
(%  300  MHz)  to  superimpose  data  to  the  RF  carrier  in  the  pulse,  using  a suitable  modulation 
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method.  For  instance,  the  data  can  be  modulated  in  amplitude,  frequency  or  phase  on  the 
chirped  pulse,  and  recovered  on  reception  prior  the  pulse  compre.ssion.  Alternatively,  the 
synchronization  data  can  be  transmitted  in  dedicated  pulses  within  the  radar  Pulse  Repetition 
Period,  without  modifying  the  normally  transmitted  pulse. 

If  the  information  being  coded  includes  the  .spacecraft  position  and  time  of  transmission,  then 
all  the  elements  required  to  a one-way  .synchronization  are  present,  and  the  pulse  can  be 
readily  exploited  for  this  purpose.  The  position  of  the  spacecraft  can  be  directly  given  in  terms 
of  its  X,  Y and  Z.  coordinates  in  a suitable  reference  systemj  these  can  be  provided  by  the 
onboard  orbit  processor  or  by  a GPS  receiver,  if  available.  Alternatively,  the  .spacecraft  orbit 
elements  can  be  transmitted,  and  the  spacecraft  position  at  the  time  of  transmission  computed 
on  the  ground.  However,  it  is  likely  that  future  SAR  spacecraft  will  compute  their  position 
with  high  accuracy  in  orbit,  therefore  the  X,  Y,  Z coordinates  will  be  directly  available  for 
transmi.ssion,  rninimizing  the  complexity  of  the  ground  equipment.  The  spacecraft  local  time 
scale  will  provide  the  time  of  transmission  with  adequate  resolution,  and  this  in  turn  can  be 
referenced  to  UTC  on  the  ground  via  the  same  .synchronization  technique. 

11  SYNCHRONIZATION  VIA  THE  CHIRPED  PULSE 

The  simplicity  of  the  ground  receiver,  the  high  level  of  the  receivable  signal  and  its  associated 
good  S/N  ratio  make  the  method  extremely  attractive  for  very  low  cost  .synchronization  and 
time  dissemination.  The  user  on  the  ground  needs  only  to  receive  the  transmitted  pulses  when 
the  spacecraft  orbits  overhead.  Since  the  level  of  the  received  pulse  can  be  very  high,  the  RF 
part  of  the  receiver  can  be  simple.  The  high  frequency  used  limits  the  effects  of  the  ionospheric 
delay  and  the  tropospheric  delay  can  be  modeled  or  minimized  using  signals  only  when  the 
satellite  is  at  high  elevation. 

In  the  receiver,  the  received  signal  is  split  in  two  (see  Fig.  5):  one  part  is  fed  to  the 

frequency-dependent  delay  line  for  pulse  compression  and  range  measurement;  the  other  is 
fed  to  dedicated  circuitry  to  extract  the  data  coded  on  the  pulse  (spacecraft  position  and  time 
of  transmission  message):  these  are  used  to  recover  the  range  information  and,  knowing  the 
receiver  position,  to  compute  the  synchronization  offset. 

If  the  user  position  is  unknown,  the  system  will  allow  some  capability  to  precisely  locate  the 
u.ser  itself,  with  a method  based  on  succe.ssive  range  measurements  from  the  same  satellite,  as 
the  satellite  moves  across  in  the  sky  in  its  orbit:  this  is  exactly  what  was  intended  when  the 
U.S.  Navy  TIMATION  project  was  started  many  years  ago.  But  navigation  or  positioning  is 
not  the  purpose  of  the  technique,  however. 

Since  the  .synchronization  result  is  ju.st  the  offset  between  a ground  clock  and  the  spacecraft  clock, 
the  method  can  be  inverted  to  obtain  just  what  we  were  aiming  for:  a precise  synchronization 
of  the  spacecraft  clock  to  a ground  reference  (namely  UTC)  and  a strict  correlation  of  time 
and  position  of  the  .spacecraft. 

12  SAR  SPACECRAFT  PASSIVE  RANGING 

Reversing  the  concept,  we  can  use  a limited  array  of  ground  antennas  (3  to  4)  in  an  interfero- 
metric configuration  (CEI)  to  track  the  spacecraft  it.self  with  very  high  accuracy,  providing  the 
results  of  the  orbit  parameters  determination  to  the  onboard  orbit  proce.s.sor  via  the  command 
uplink.  Four  simultaneous  ranges  to  four  separate  antennas  whose  location  is  known  will  pro- 
vide the  .spacecraft  position  and  the  time  offset  of  the  onboard  clock  with  respect  to  the  ground 
references.  In  this  way,  the  operation  of  the  SAR  satellite  will  be  completely  autonomous  and 
independent  of  other  navigation  .systems. 
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13  GEODETIC  APPLICATIONS  FOR  THE  PROPOSED  SYS- 

Th?  wtem  is  ciipabk  of  some  interesting  applications  in  other  fields,  notably  in  geodesy  for 

S sJ  Jy^amicsLnitoring.  Slight  movements  of  the  Earth  crus,  can  be 
hv  MH  firrav  of  receivers  tracking  the  orbiting  SAR  spacecraft.  The  low  cost  ot  the  receivers 
a^l^^high  precision  ranging  and  timing  capability  of  the  system  make  the  technique  suitable 
?o  imolement  S areas  it  reasonable  cost.  We  have  considered  also  the 

fact  that  being  f SAR  ^satellite  (usually  on  Earth  observation  satellite)  in  or  near  a highly 
ISned  polar  orbit,  the  system  provides  good  coverage  also  of  the  polar  regions,  where  the 
GPS  satellites  visibility  is  impaired  by  the  GPS  orbit  inclination. 

cSSi^ ^^rnme^sj^^i^  Altimeters  and  Synthetic 
«;table  oscillator  onboard  and  good  synchronization  for  return  echoes  identihcation  and  SAK  aaia 
p^t  VLteLe.  one  of  tho^rcquitcmeuts  in  dcs^ning  their  "^VTi'oXtT, 
is  to  provide  a precise  synchronization  to  .some  ground  reference,  namely  UTC,  in  order 
precisely  correlate  the  pulse  time  to  the  spacecraft  position. 

While  this  can  be  provided  via  the  Navstar  Global  Positioning  System  (GPS),  the  capability  exist 
to  hte  "nTndepeilden^  of  synchronization  using  the  transmitted  radar  - P--- 

timine  reference  mark.  The  large  bandwidth  and  extremely  good  signal  to  noise  (S/N)  rati 
the  pulse  received  on  the  ground  makes  this  approach  extremely  appealing  for  high-accuracy 
one-way  time  dissemination  and  synchronization. 

The  techniaiie  provide,s  additional  benefits,  besides  synchronization,  in  supporttng  the  mission 
If  lhl  spaXaft  a small  network  of  ,1  to  4 ground  receivers,  operating  as  a Connected 

lmerm.erferome.et;  may  provide  high  accuracy  tracking 

the  snacecraft  for  ranging  and  orbit  determination  by  receiving  and  processing  the  same  coded 
mdser  Whfie  and  orbit  determination  can  be  supplied  by  an  onboard  GPS 

rnSSer  Thrproposed  technique  provides  a high  precision  solution,  m principle  independent 

af  1=  rt  rT^and  “ir  3 

Zlrty"nchro"nfeSo^^^^^  t.an'’smi..ed 

pulses. 

In  this  miner  we  have  presented  a preliminary  description  and  analysis  of  the  potential  of  the 
technique^to  provide  an  alternative  source  of  high  precision  timing  to 

a survey  of  the  possible  applications.  Work  is  now  in  progress  towards  a full  ^ 

aimed  to  evaluate  the  po.ssibility  to  implement  this  concept  on  an  advanced  spaceborne  SAR 

sensor  being  proposed  by  Alenia  Spazio. 
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TABLE  1: 

Examples  of  SAR  reference  oscillators  characteristics 

Parameter 

ERS-1  R 
(STALO) 

CASSINI 

radar 

X-SAR 

ASAR 

Frequency*  [GHz] 

7.35 

12.96 

8.415 

5.331 

Aging 

=b2[ppm/2yrs] 

±0.2[ppm/yrj 

±7[ppm/yrj 

±l[ppm/4yrsj 

temperature  clriftfppmA'j 

±20/45  °r 

±0.4/55°C 

±io/50°r 

±0.00  J 

[ppm/lOOminutes] 

±0.04/50°C 

Power  level  jdBmj 

1 

11 

0 

3 

Harmonics  [ciBcj 

< -50 

< -50 

< -60 

< -60 

Spurious  [dBc] 

< -60 

< -60 

< -60 

< -60 

Initial  accuracy. 

±1 

±0.02 

±1 

±1 

Frequency  [ppm| 
Short  term  stability 

_ 

5.3xl0-‘-'‘ 

2x10-^^ 

Phase  noise  |dBc/Hz]^ 

< -105  (f=l  kHz) 

T = 1 S 

< -85  (f  = 1 kHz) 

< -95  (f=300  Hz) 

T = 7.5  ms 

*RF  carrier  frequency  [transmission  frequency] 
^f=  Fourier  frequency 
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TABLE  2:  Comparison  of  parameters  relevant  to  the  one  way 
synchronization  between  GPS  and  a SAR  system 


Parameter 
RF  Carrier 

1.2,  1.5  GHz 

orvix 

10  GHz*^ 

Ionospheric  delays  are  smaller  for  higher  RF  earner 
frequencies 

RF  Bandwidth 

± 10  MHz 

ftj  300  MHz 

Available  Bandwidth* 

RF  Power 

^ 10  w 

1-F5  kVV 

Determines  the  (peak)  S/N  on  reception 

Height 

Modulation 

20000  km 

1000  km 

Determines  the  S/N  on  reception 

Spreadspectruin 

Chirped  pulse 

GPS  modulation  is  more  efficient  in  making  maximum 
use  of  available  bandwidth  and  link  power  budget 

Orbit 

Inclined 

Polar 

Coverage  of  polar  regions  for  geodesy  purposes  is 
possible  with  the  SAR  concept 

Availability 

( ontinuous 

About  4^  6 passes 
per  day 

SAR  in  polar  orbit  does  not  provide  a continuous 
coverage 

'See  eq.  (8) 

♦The  sample  figure  refers  to  an  X-band  SAR 
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FIGURE  4;Digltal  Chirp  Generator  (DCG)  block  diagram 
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FIGURE  5:Ground  Timing  Receiver  block  diagram 
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Abstract 

For  precise  time  intercompa  risons  between  a master  frequency  standard  and  a slave  time  scale,  we 
have  found  it  useful  to  quantitatively  compare  different  fitting  strategies  by  examining  the  standard 
uncertainty  in  time  or  average  frequency.  It  is  particularly  useful  when  designing  procedures  which 
use  intermittent  intercomparisons,  with  some  parameterized  fit  used  to  interpolate  or  extrapolate 
from  the  calibrating  intercomparisons.  We  use  the  term  “metafitting"  for  the  choices  that  are  made 
before  a fitting  procedure  is  operationally  adopted.  We  present  methods  for  calculating  the  standard 
uncertainty  for  general,  weighted  least-squares  fits  and  a method  for  optimizing  these  weights  for  a 
general  noise  model  suitable  for  many  PTTI  applications.  We  present  the  resuUs  of  the  metafitting 
of  procedures  for  the  use  of  a regular  schedule  of  (hypothetical)  high-accuracy  frequency  calibration 
of  a maser  time  scale.  We  have  identified  a cumulative  series  of  improvements  that  give  a significant 
reduction  of  the  expected  standard  uncertainty,  compared  to  the  simplest  procedure  of  resetting 
the  maser  synthesizer  after  each  calibration.  The  metafitting  improvements  presented  include  the 
optimum  choice  of  weights  for  the  calibration  runs,  optimized  over  a period  of  a week  or  10  days. 


Introduction 


In  preparing  to  fit  precision  time  comparison  data,  usually  questions  concerning  “optimal”  fitting 
strategies  have  lieen  addressed  in  a generic  rather  than  in  a specific  sense.  It  is  interesting  to 
examine  whether,  for  specific  ca.ses,  significant  advantages  might  accrue  from  cu.stomizing  the  fitting 
strategy  to  the  specific  pattern  of  data  points  and  the  noise  spectrum.  In  practice,  many  really 
important  choices  are  made  before  any  fit  is  finalized,  and  yet  are  not  nece.s.sairly  optimized  as  part 
of  the  fitting  procedure,  (a)  A fitting  metric  and  method  must  be  cho.sen  (such  as  least-squares 
fitting),  (b)  The  set  of  parameterized  basis  functions  must  be  cho.sen:  basis  function  number  and 
type  (such  as  a .second  order  polynomial),  (c)  An  outlier  removal  method  may  be  adopted  (such 
as  iteratively  di.scarding  a limited  number  of  points  having  anomalously  high  residuals),  (d)  The 
relative  weighting  to  be  given  to  each  data  point  must  be  determined  (such  as  the  u.se  of  end-point 
only  linear  fits  vs  unweighted  linear  least-.squares  fits),  (e)  A final  “consistency  of  fit  with  data 
and  noise  model”  parameter  should  be  derived  (such  as  the  reduced  for  a least-squares  fit  with 
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known  noise).  Many  of  these  choices  depend  in  subtle  ways  on  the  type  of  noise  encountered,  and 
here  precise  time  measurements  often  provide  details  of  the  noise  spectrum  which  are  not  trivial  to 
incorporate  into  an  optimal  treatment  of  (a)-(e).  Since  the  term  “fitting”  is  generally  interpreted 
as  referring  to  the  determination  of  a set  of  parameters  from  a particular  data  set  we  use  the  term 
“metafitting”  to  encompass  the  optimization  of  the  broader  processes  such  as  (a)-(e). 


But  in  what  sense  is  this  “metafitting”  to  be  judged?  At  first  sight,  there  appear  to  be  too  many 
choices  The  fitting  might  be  optimized  in  an  average  sense,  minimizing  some  metafittmg  metric 
function  that  sums  over  experimental  residuals.  If  the  autocorrelation  function  of  the  noise  is 
known  (or  modeled)  it  is  possible  to  calculate  and  minimize  the  metric  function  summing  over  the 
expected  “residuals”  at  unmeasured  times.  Thus  the  fitting  might  be  optimized  in  a local  sense, 
minimizing  a residual  at  a specific  time  (open  to  choice),  or  it  might  be  optimized  to  m>nnmze 
a residual  of  the  average  frequency  over  a specific  interval  (each  end  being  open  to  c oice).  e 
point,  points  or  interval  must  be  chosen,  and  a procedure  must  be  found  to  estimate  the  expected 
residual (s)  at  times  other  than  those  at  which  measurements  have  been  taken. 

Fortunately,  international  guidelines  [1]  now  strongly  suggest  a good  quantity  to  optimize:  the 
“standard  uncertainty”,  which  is  the  root- mean-square  residual  of  the  fit’s  extrapolation  or  inter- 
polation to  a sper  ific  point,  one  not  necessairly  included  in  the  fit.  It  is  also  a good  quan  i y 
to  optimize  in  that  a standard  method  [2]  (the  Wiener-Kolmogoroff  theory)  exists  for  any  fitting 
procedure  that  uses  a linear  combination  of  the  data.  All  least-squares  fitting  procedures  with 
linear  coefficients  can  be  handled  explicitly  in  this  way  [5].  For  the  purposes  of  time  and  frequency 
metrology,  metafitting  to  minimize  the  standard  uncertainty  is  a good  choice  - but  it  might  not 
be  as  good  a choice  in  other  applications  (where,  for  example  it  might  be  more  appropriate  to  try 
minimizing  the  occurrence  of  outlier  events  having  disasterous  consequences).  For  frequency  or 
time  interval  metrology,  the  standard  uncertainty  in  the  average  frequency  over  an  interval  makes 
an  even  more  attractive  discriminant  for  metafitting. 


The  power  law  noise  models  appropriate  for  PTTI  phase  comparisons  can  have  low  frequency 
divergences  that  appear  to  be  worrying  to  some  purists  who  wish  to  assure  strict  stationarity  o 
any  process  before  developing  its  formalism.  In  the  development  of  computable  forms  it  is 

straightforward  to  show  that  the  standard  uncertainty  in  the  average  frequency  of  a least-squares 
fit  is  not  divergent  for  most  commonly  encountered  power  law  noise  spectra,  with  the  exception  of 
random  walk  frequency  noi.se.  However,  the  real  question  is  more  stringent  than  simple  stationarity  : 
have  we  enough  long-term  data  on  the  system  being  modeled  to  obtain  results  which  converge^ 
We  believe  that  this  type  of  ciuestion  can  be  rigorously  handled  by  imposing  a low-frequency  cutofi 
(and  thus  ensuring  a formal  stationarity),  and  then  verifying  not  merely  that  any  re.sults  extracted 
from  the  model  converge  as  the  low  frequency  limit  approaches  zero  - but  also  that  the  results  have 
converged  to  the  desired  degree  before  the  low  frequency  limit  is  sampling  Fourier  components  of 
the  noise  which  have  not  been  measured. 


Choosing  Weights  in  Weighted  Least-Squares  Fits 

We  present  here  a general  strategy  for  evaluating  and  optimizing  distributions  of  weights  in  a 
weighted  least-squares  fit  to  phase  data.  We  will  concentrate  on  optimizing  fitting  that  compares  the 
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frequency  of  a continuously  operated  oscillator  with  a frequency  standard  (perhaps  intermittently 
operated),  for  the  purposes  of  frequency  calibration.  The  strategy  is  based  upon  the  analytic 
expressions  for  the  standard  uncertainty  in  frequency,  generally  extrapolated  over  a wider  interval 
than  the  calibration  interval,  where  a dense  set  of  high-precusion  phase  comparisons  would  normally 
lie  available.  A noise  model  is  assumed  which  has  wide  applicability  to  a broad  range  of  frequency 
standards.  The  degree  of  frequency  control  will  be  evaluatable  for  any  set  of  weights  in  a weighted 

least-squares  fit  that  is  linear  in  the  fitting  coefficients  (but  fully  general  in  the  choice  of  basis 
functions). 

As  our  metafittmg  metric  we  choo.se  the  standard  uncertainty  in  the  average  frequency,  evaluated 
over  a general  interval  which  could  be  considerably  displaced  from  the  fitting  interval.  This  is 
the  most  appropriate  metric  for  frequency  metrology  applications,  since  the  standard  uncertainty 
IS  now  the  internationally  recommended  [1]  way  of  specifying  calibration  uncertainty.  With  our 
procedures  the  standard  uncertainty  in  average  frequency  can  be  evaluated  for  a broad  class  of 
noi.se  models,  for  any  set  of  fitting  points,  for  any  extrapolation  or  interpolation  interval,  for  any 
linear  combination  of  arbitrary  basis  functions,  and  for  any  least-.squares  weighting.  In  particular, 
in  any  of  the  above  cases  our  procedure  can  evaluate  the  standard  uncertainty  the  equal-weight 
procedure  (advocated  for  its  robustness)  to  the  end-point  procedure  (advocated  for  its  “optimum” 
estimate  of  frequency  for  some  pure  clas.ses  of  noi.se),  as  well  as  any  intermediate  case  with  higher 
weights  near  the  end-j)oints  of  the  calibration  interval.  The  procedure  permits  the  evaluation  of  the 
trade-off  of  uncertainty  for  other  procedures  which  are  percieved  as  being  more  robust.  As  is  shown 
below,  even  with  large  data  sets,  in  some  cases  it  appears  to  be  feasible  to  choose  the  optimum 

.set  of  weights  which  minimize  the  standard  uncertainty  in  average  frequency  for  the  interval  being 
considered.  ^ 


Noise  Model 


The  noise  model  i-„,(/.)  is  the  modeled  phase  difference  between  the  master  frequency  standard 
and  the  standard  being  calibrated.  The  noise  model  is  taken  as  being  the  sum  of  a deterministic 
part  (which  could  include  a phase  offset,  frequency  offset  and  frequency  drift)  and  a random  noise 
part,  xo(/.).  The  random  noise  includes  the  “full”  noise  model  that  is  usually  used  in  discu.ssions  of 
requency  standard  stability  [9]:  a sum  of  five  noi.se  proces.ses,  each  normally  distributed  about  the 
mean  (but  with  variances  which  depend  on  the  time  .sampled  in  different  ways)  that  have  spectral 
densities  of  phase  noi.se  that  are  power  laws  which  range  from  flat  to  increasingly  divergent 

at  low  fret, uencies.  Expressing  the  five  terms  in  terms  of  the  spectral  density  of  the  mean-square 
of  the  fluctuations  in  (or  yo{t))  at  a frequency  /,  Sy{f),  each  noise  term  is  described  by  an 

amplitude  which  is  taken  to  be  independent  of  any  time  translations  (stationarity  and  random 
p lase  approximations).  The  sum  includes  tv  = 2,  white  phase  noi.se  in  x;  tv  = 1,  flicker  (1//)  noi.se 
in  x;  tv  = 0,  white  frequency  noise  and  random  walk  phase  noise;  a = -1,  flicker  frequency  noise; 

frequency  noise.  A low-frequency  cutoff  /,  and  an  upper  frequency  cutoff 
Jh.  Ihe  .spetitral  density  of  the  mean-.square  fluctuations  in  xo(t)  is  S^{f),  and  for  this  noise  model 
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a=  — 2 

,.w  a ,ive„  „„.e  „,odei  „f  th.  “[ 

("ilrulated  IVoiii  the  autocorrelation  function  (xo(f)^o(f  + )/•  • tlio  nffiirMcv 

„r  aaisa  a ,o«..«,,.ea..y  .aU.ff  i. 

.,nH  Hvnamic  ranee  capac  ities  of  classical  computing.  Analytic  expression.  1 

i.trrxiM  fo,  oa.l!  type  „f  (5|,  and  ,node,„  ad.itrary-pre.ision  c.npn.er  lan6na«ea  a,e 

able  to  cope  directly  with  the  autocorrelation  lunction. 

3 :l:or.Lr  divergent  pa.tn  ean.eC  wd„  the  httin.  -7-,-J3nr"j3 

„ff.  ,„  theatandard  ^ 

time  interval  [l^.h]  with  the  time-scale  departure  over  the  time  interval  [ 3.  4]- 


5 = 


{[xoih)  - ^o(fi)]  N(f4)  - Xoih)]) 

= r /'‘(»(i') »(«")) 

Ju 

= {h  - l\){U  - h)  (y|(i,/il5|<3,'4l) 


(2) 


t /r,  ,n,  A is  the  general  covariance  of  the  average  freciuency:  a generalization  of  the 

where  (y,p .1.1^11:, .Ul)  ’ he  The  generalization  includes  the  possibility  of  an 

La3 3 Jf„r  the  twn-»a.nple  varian.e  „f  y,  and  fur  the  autueurrolat.on  fnn.  t.un  ul  the 

covariance  separates  into  the  five  terms  of  the  noise  model. 

A 1 f f nins  for  the  five  terms  of  the  autocorrelation  function  of  x{t)  and  for  the  five  terins 
Analytic  foims  loi  the  nve  icims  01  n derived  with  on  y the 

contain  some  comments  on  practical  methods  for  computing  values  using  these  forms. 


Weighted  Least-Squares  Fits 


Wn,,ht,d  n<,„arus  3—  :/3a;;:3  X 

htAllr  a 3en,,.  ....t.  a„d  n,„nethn»  a dr, a ,ate 

and  higher  terms  such  as  daily  or  seasonal  fluctuations. 
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(3) 


Xp{t)  — d • g{i.)  ~ d\  d2t  -|-  ^3/“^  + digi(t). 

/=4 

The  coeffic  ient  vector  dis  chosen  to  niinimize  the  sum  over  the  A'  fitting  points  with  phase  ciifference 
values  of  x{ti)  at  times 

N 

^ = Y.  - d-  g{l.,.)f  (4) 

where  the  weight  W,  is  applied  to  the  square  of  the  i"'  residual.  Least-squares  fitting  is  done  by 
setting  the  n derivatives  of  L|  equal  to  zero,  which  gives  a set  of  n linear  equations  which  can 
be  sdved^for  the  n fitting  coefficients  of  d:  Gd  = s,  where  G is  an  n x n matrix  with  elements 
^•<ir  — and  s is  an  n-dimensional  vector  with  elements  sv  = 

For  the  purposes  of  modelling  the  standanl  uncertainty,  we  use  xo{l,)  to  model  since  it  can  be 

shown  [5]  thai,  any  general  offset  in  phase,  offset  in  frequency  or  a linear  freciuency  drift  is  exactly 
absorbed  by  the  fit. 


Metafitting  with  Time  Uncertainty  Metric 

One  candidate  metric  forjudging  weighted  least-.squares  fits  is  the  standard  uncertainty  in  time, 
determined  at  a specific  time  /,  relative  to  the  set  of  fitting  points  {/,}.  We  can  explicitly  calculate 
the  effec  ts  of  the  weighted  least-squari's  fit  reacting  to  the  noise  model  for  this  l ime  t : we  are  not 
restricted  to  studying  the  variance  at  t he  fitting  points.  The  expected  variance  in  x{t)  from  the  fit 
d-  g{t.)  can  be  calculated  in  terms  of  the  autocorrelation  function  left  < xo{ti)xa{tj), 

= YY  {xo(/,.)xo(tj)}  , (5) 

);=o  j=o 

where  Do(f)  — 1 and  lf  (t)  = IF,  ^)qrgr(fi)gq(/)-  For  the  standard  noi.se  model, 

the  autocorrelation  function  (xo(t)xo(t)}  can  be  evaluated  analytically  [5],  although  the  result- 
ing expressions  can  challenge  the  dynamic  range  of  conventional  computing.  The  square  root  of 
this  variance  in  x(t)  would  be  the  formal  metric.  The  minimization  problem,  for  optimizing  this 
metrics  with  respect  to  the  weights  VF„  looks  intrac  table,  but  for  cases  of  most,  interest  it  can  be 
substantially  simplified  in  the  same  way  as  is  described  below  for  the  frequency  uncertainty  metric. 

Valiants  of  this  Lj  metafitting  metric  are  also  possible,  summing  variances  over  multiple  test  times. 
Other  metafitting  metrics  of  the  L^-norm  (Holder  norm)  class,  could  also  be  constructed.  The 
min-max  (limp  ^ oo)  norm  would  minimize  the  maximum  expected  time  deviation  amongst  the 
test  times.  Metafitting  with  the  p = 1 metric  would  (for  this  class  of  metrics)  give  the  most  leeway 
in  allowing  a small  number  of  test  points  to  have  large  variances.  All  these  metafitt  ing  variants  are 


x(t)  - d-  g{t) 
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sulxstantially  more  intric  ate  to  use,  and  do  not  readily  yield  the  major  computational  simplifications 
which  can  l)e  found  for  the  single-point  L2  metric. 

The  method  outlined  above  does  not  bring  any  great  new  insights  into  optimal  ways  ol  combining 
equivalent  clocks,  nor  for  the  optimal  use  of  continuously  operated  primary  standards,  howevei  whe 
rrondary  tin,;  s.-ale  is  to  tLk  a primary  time  .scale  where  only  intermittent  intercompansons 
are  available,  an  optimal  c hoice  could  be  made  in  terms  of  the  noise  processes  known  t,o  be  presen  . 

Metafitting  with  Frequency  Uncertainty  Metric 

For  precise  time  interval  work,  where  the  average  frequency  is  the  ^ 

wish  to  minimize  the  standard  uncertainty  in  average  frequency  over  an  interval  I , + ^ ^ ' 

bv  the  noise  model  as  filtered  by  the  weighted  least-squares  fitting  procedure  to  the  pom  . { ,}• 
Although  the  noise  model  is  independent  of  time  translations,  clearly  the  standard  uncer  am  y in 
^e  frequency,  would  be  expected  to  depend  on  the  offset  of  f from  {/„},  as  well  as  the 

interval  breadth  t.  It  is  defined  liy 


xo{t  + t)  - xq(/.)  \ _ f d-  {g{t  + t)  - g{t)) 


Wenotethat  (x„((  + T)-x„(01  = 

Allhuusll  it  might  1)0  (onveiiieilt  to  envisage  the  set  of  (Ij)  as  an  ordered  set  wi  ll  , , 1. 

it  is  not  neecssarv  to  do  so.  Ordering  the  fitting  points  does  not  detract  from  the  genera  i V in 
anv  wav  but  we  L not  wish  to  restrict  the  values  of  ( or  t + T.  We  would  like  to  re-express  the 
d d e(l  + r)  - g{l)  I as  a sum  over  only  differences  of  the  form  M(li)  - Mh)-  We  note  that  we  can 

expand  x„(t.)  = «(tl)  + '* 


^ VT,ico(b)  • {o{t  + x)  - g{t)}  - 


IT,  - 2io(f,-i)}  E + ^)  - 0<,{t)}  (7) 

,C=1  .,=2  <7=1  r=l 

+Xo{h)Y,  E E(G"')<7r‘/r(b){.</,,(f  + ^)  “ 9,{t)} 

i=\  g=lr=l 

and  the  last  term,  multiplying  a„(l  i),  can  be  shown  to  1«  equal  »^ow  this  it 

to  show  that  l£.i  W,S{ti)G-'S(l)  is  independent  of  (,  or  that  , W.g(^  .)^  ^ ^ 

vector  [10  0 .0].  We  observe  that,  from  our  definition  of  G and  since  (?i  , [''''/ 

and  premultiplying  by  G-  completes  this  proof,  provided  only  that  ,,  is  a constant. 

Thus  i£,^(/,r)r2  j,,  ^qual  to 
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(8) 


N-^\ 

.7  = 1 

^ n n 

- 27o(/j-])}  Y(^~^)Qr9r{k){gg{t  + t)  ~ > = 

?•=!  j=2  q—\r—\ 

^ ^ n n 

< [{^o(/yv+i)  - 2io(<o)}  - Y - xo(ti-i)}  EE(o-‘  )grgr(f7){(^g(f  + t)  — gg(t)}]^  > 

1 q=  1 r=  1 

Collecting  the  expressions  with  the  same  difference  term  {xo(f.j)  - xo(tj-j)}  allows  us  to  write  a 
useful  form,  namely 


AT-fl 


u: 


yO,ry  =<  lY  /^,,(^r){xo(f,)  -xo(/.,_i)}]2  >, 
.7  = 1 


(9) 


where  for2  <j  < iV,  Dj(t,r)  = 1 -E£,  M'.  E,".,  E;.,(G-' V9r((,){9,(l+r)-5,(l));  D,.,(t.r)  = 

1 and  Dj^jv+i(f,r)  = 1.  Multiplying  the  terms  explicitly  gives  a computable  form  for  the  standard 
uncertainty  in  average  frequency; 


JV-hl  A7+1 

=YE  ^^,(f^r)Dk(f.^r)  < [xo(t,)  - xo(/y_,  )]N(4)  - ico(4-,)]  > . . (10) 

j=l  k=l 

The  utility  of  this  form  lies  in  the  fact  that  it  is  a sum  over  functions  of  the  general  form  of  Eq.  2, 
which  are  easier  to  compute  for  our  full  noise  model. 


Metafitting  Weights  for  Large  Data  Sets 

For  a given  noise  model  (defined  by  the  5 parameters  {/i„}  used  to  define  Sj,(f),  and  a given 
distribution  of  fitting  points  {/,},  and  for  a given  interval  [t,/. + t];  the  standard  uncertainty  in 
average  frequency  over  the  interval  can  be  calculated:  Uy[t.,T).  Thus  a choice  of  weights  can  be 
determined  which  minimizes  Uy{t,T),  the  standard  uncertainty  due  to  the  effects  of  the  random 
noise.  For  each  fitting  point  added,  another  weight  must  be  determined.  For  small  .sets  of  fitting 
points,  the  minimization  problem  is  tractable,  but  for  larger  .sets  the  minimization  appears  much 
leas  .straightforward.  The  weights  could  be  parameterized  to  reduce  the  dimensionality  of  the 
problem,  at  the  expense  of  generality. 

The  full  generality  can  be  retained  by  largely  linearizing  the  problem.  For  N fitting  points,  there 
ar^also  N weights  to  choose.  Without  lo.ss  of  generality,  the  set  of  weights  {W)  } can  be  normalized: 
Sj.=l  = 1-  If  the  partial  derivative  of  with  respect  to  W^.  can  be  constrained  to  be  zero,  then 
most  of  the  A^-dimensional  search  problem  can  be  linearized,  leaving  a nonlinear  search  over  at  worst 
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+ n/2)  - 11  dimensi.ms.  G"'  will  he  indcpetidcnt  of  Wt  if  eah  element  of  G is  constrained 
Iw  a constant,  G,.  = Ef.,  W,g,{l,)Sr{t.).  Since  6V  = C.V„  and  since  normally  91  =1,  there 
remain  \(u{n  + l)/2)  - 1]  values.  These  constraint  equations  are  used  in  the  linear  solution,  and 
the  optimum  values  of  6',.  ran  subsequent  ly  I.e  found  by  nonlinear  searching  techniques. 

For  polynomial  fitting,  with  n basis  functions  {gk{l)  = the  partial  derivative  of  G"’  with 

rcsper-t'to  IN  - 2n  + 2]  VT,’s  there  would  be  only  [2n  - 2]  dimensions  for  the  non-linear  search  and 
if ‘the  problem  can  be  set  up  symmetrically  about  the  time  origin,  so  that  the  first  inoment  of  the 
weights  and  all  odd  moments  are  zero,  there  would  be  only  [n  - 1]  non-linear  search  parameters 
The  even  moments  of  the  weights  (summed  over  the  fitting  times  {T})  would  then  be  the  [n  1] 
non-linear  search  parameters.  If  the  problem  is  intrinsically  asymmetric,  then  there  would  be 
fin  - 2]  moments  to  use  as  nonlinear  search  parameters.  For  extrapolation,  it  seems  clear  tha 
there  will  be  little  likelihood  of  driving  any  W,  negative,  but  it  remains  a concern  for  the  genera 
case  and  must  be  guarded  against. 

(kmsider  for  example  the  case  of  choosing  a weighted  least-squares  fit  of  a general  qii^adratic  to  N 
phase  comparison  data  points  at  a specific  set  of  times  {fj.  For  a specific  noise  model  describe 
by  the  coefficients  {ha},  we  want  to  choose  the  weights  to  minimize  the  standard  uncertainty  in 
the  average  frequency  over  the  time  interval  [t,t+T].  By  constraining  weights  to  ^Ji 

by  constraining  the  first  through  fourth  moments  of  the  weights  to  be  independent  of  the  is 
[iV  -41  weights,  we  can  ensure  that  G”'  is  independent  of  [A^  -4]  weights.  By  equating  to  zero  the 
N -41  partial  derivative.s  of  with  respect  to  VF,  we  can  minimize  the  standard  uncertainty 

in  average  frequency  with  respect  to  these  [N  - 4]  weights.  The  easiest  form  to  differentiate  for 
this  purpose  is  one  like  that  of  Equation  8,  which  has  collected  all  the  terms  multiplied  by  any 
weight  W,.  Including  the  constraint  equations,  we  then  have  N linear  equations  m the  N unknown 
weights  {VF,},  parameterized  in  the  4 moments  remaining  to  be  searched.  The  optimized  standard 
uncertainty  for  this  set  of  four  moments  is  evaluated,  and  a four-parameter  search  (each  set  o. 
moments  being  optimized  by  re^solving  the  N linear  equations)  this  search  is  tractable  by  the 
simplex  method  (for  example).  If  the  problem  is  symmetric  about  some  time  (symmetry  for  both 
{/,}  and  [U  + r]),  it  can  be  set  up  so  that  the  first  and  third  moments  are  zero,  and  there  would 

be  only  two  parameters  to  search. 

Choosing  weights  is  simpler  for  a linear  least-squares  fit  to  N phase  comparison  data  points 
taken  at  a specific  set  of  times  {t,}.  To  metafit  the  best  weights  that  minimize  the  standard 
uncertainty  in  the  average  frequency  over  the  interval  [t,t  + r]  for  the  noise  model  of  interest, 
described  by  the  coefficients  we  can  again  linearize  the  problem  - but  with  only  two  search 

parameters  (the  first  and  second  moments  of  the  weights).  We  define  three  constraint  equations 
W = \ E =1  5^1=1  = ^2-  The  N partial  derivatives,  with  respect  to 

th^weights,  of  the  standard  uncertainty  in  average  frequency  over  the  interval  [/,  t+  r]  give  a set 
of  N equations  F • VF  = where  F,,  = (/,  - Mi)t/{M2  - Mf)  < [a:o(ti)  - a;o(fi)][^o(tj)  ^ 

and  r,  ==<  [xo(/  + r)  - xo(01[^o(/,)  - :^o(/i)l  >■  The  first  column  of  F is  a column  of  zeros.  Three 
of  these  equations  are  to  be  replaced  by  the  three  constraint  equations:  one  replacement  js  for  the 
most  ill-conditioned  equation  j which  has  closest  to  the  centroid  of  the  weights  (Mj)  for  this 
iteration,  the  other  two  replacements  are  more  arbitrary.  If  the  problem  is  symmetric  about  some 
time  (symmetry  for  both  {t,}  and  [M  +r]),  it  can  be  set  up  so  that  the  first  moment  is  zero,  and 

there  would  be  only  one  parameter  to  .search. 
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n even  simpler  case  of  met  afitt  ing  is  the  choice  of  weights  in  a simple  weighted  average,  for  multiple 
calibration  rims  to  minimize  the  standard  uncertainty  in  the  average  frequency  for  a specific  period, 
ar  jitranly  placed  with  respect  to  the  calibration  runs.  We  ctonsider  calibration  intervals  long  enough 
to  be  m the  regime  where  the  two  end  point  method  is  chosen  for  each  calibration  run,  with  M 
such  calibration  intervals  [/,  ,/,  +r,].  For  the  weighted  average  of  the  M calibrations,  the  standard 
uncertainty  in  the  average  frequency  over  an  interval  [/,  / + t)  is 


ul(t,t+T)  = 


{x{l  + r)  - ^ {xjti  + n)  ~ 1 2 

r ^ - 


]> 


(11) 


Assigning  a weight  of  1 to  the  interval  [f  I.  + r],  defining  To  as  being  equal  to  r.  Equation  1 1 Cc 
be  rewritten  as 


can 


Uy(t,  / “f  r) 


1^0  ^ ^ 


(12) 


A solution  for  the  optimum  weighting  procedure  is  relatively  easy  to  find  since  the  minimum  value 
for  u {t,t  + r)  IS  to  be  found  for  values  of  w,  satisfying  f + r)]  = 0,  so  that  after  taking 

the  derivative  and  separating  out  the  i — 0 term 


M 

E'Wj 

([^(^  + ~ ^(^:)][^(4  + Tfc)  — -2^(4)]) 

= + t)  - x{t)\[x(tk  +Tfc)  - x{tk)]).  (13) 


We  use  M - 1 of  these  equations,  and  for  the  A/''-  equation  we  use  the  normalization  equation 
of  the  weights:  Ei=i  - 1.  This  gives  M simultaneous  linear  equations  in  the  M unknown 
weights.  The  general  interval  covariance  has  analytic  forms  for  our  noise  model,  in  terms  of  the 
J-function  [4j.  If  we  define  the  M x M matrix  F:  = 1 for  j = 1..A/,  F,  , = + r,  - t ) 

+ I{t.j  + Tj  - /,)  - J(A,  + r,;  - / , - Tj)  - I{t,  - /,)]  for  i = 2..M  and  j = 1..A/,  and  define  f-  n =\ 
and  r,  =.  fraclrr,[Iit  + r - /,,)  + I(t  + r,  - t)  - J{t  + r - t,  - r,)  - I(t.  - /,,)]  for  j = 2..M.  The 
M dimensional  weights  vector  uJ  is  F“^  ■ 


Applications 


For  any  given  potential  application  of  metafitting  weights,  we  must  consider  whether  metafitting 
IS  more  than  an  interesting  academic  exercise:  can  metafitting  find  a reduction  in  the  standard 
uncertainty  which  is  a significant  improvement?  Since  uncertainties  are  rarely  established  to  better 
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than  10%,  an  improvement  should  be  larger  than  this  to  be  deemed  si^ificant.  Therefore  we  have 
examined  the  simplest  case,  of  linear  extrapolation,  discussed  above,  and  for  the  five  different  pow 
law  noise  types  we  have  considered  distributions  of  weights  with  different  moments  [6],  We  have 
examined  the  expected  standard  uncertainty  for  both  symmetric  extrapolation  suited  to  time-scale 
calibration  (where  post-processing  can  be  used  to  apply  calibrations  from  the  future  ) and  to  tim^ 
assymetric  extrapoLion  suited  to  real-time  applications.  For  symmetric  extrapolation  mtervals 
that  are  large  compared  to  the  calibration  run’s  duration,  different  common  weight  distributions 
gave  similar  uncertainties  (differing  by  less  than  10%)  except  for  white  phase  noise.  For  om>way 
extrapolation  for  times  much  longer  than  the  calibration  run’s  duration  the  uncertainties  are  even 
more  similar  (less  than  2%  advantage  for  end-point  fitting  over  equal  weights  except  for  white 
phase  and  fliier  phase  noise).  Thus  for  many  PTTl  applications,  end-point  fitting  and  equal- 
leighi  fitting  give  similar  standard  uncertainties,  and  the  choice  should  be  between  the  greater 
simplicity  of  the  end-point  fit  and  the  greater  robustness  of  the  equal-weights  fitting  procedure. 

In  real-life  PTTl  work,  robustness  would  often  prevail  over  simplicity.  For  trying  to  optinuze 
rLXs  from  multiple  calibration  runs,  simplicity  is  valuable  to  us  while  robustness  is  not  neede^ 
in  the  model.  The  optimum  processing  of  a number  of  calibration  runs  is  expecte  o )e  arge  y 
independent  of  the  processing  within  the  run. 

The  main  application  which  ha,  attracted  onr  attention  is  the  optimal  nse  of  hydrogen  masers, 

calibrated  periodically  in  frequency  with  intermittently  operated  cesium  fountain  ’ 

dards  [81  16].  We  consider  two  types  of  ma»ir  operation:  free-running  and  autotuned  We  use  two 

p:l  liw 'models  tor  the  ma«r  noise,  representing  a frei.runmng  hydrogen  -- 

L = 2 7x10-"  hi  = '2.9xl0-»,ho=2-9i<10  .'•-1  =2.6x10  and  h_,  = 7.2 x 10  , and  ^ 

auto-tuned  masM  (type  2)  with  h,  = 6.7x10-“,  h,  = 2.9x10  ho  = 2.9x  10  , h_,  - 

and  h , = 49  X 10-”  NRC  ha,  two  low-flux  masers  which  would  benefit  from  a metafitting 

optimiition  of  the  weights  uifthm  a calibration  run  of  an  hour,  since  there  is  f 1''  -■'>» jW'* 
noise  contribution  for  this  calibration  interval.  Preliminary  analysis  suggests  that  the  eiid-poi 
procedure  is  within  10%  of  the  optimum.  For  phate  data  taken  every  30  s for  an  hour  extrapo lat^ 
i an  interval  of  a day,  the  end  point  method  i,  1.2%  tetter  than  the  et,ual-weight  mear  least 
squares  fit  for  our  freixritnning  mater  model,  and  a,  good  for  the  type  2 maser  model.  Thus  we 
can  use  the  simple  two  end  points  procedure  to  establish  the  l*st  frequency  transfer  accuracy  for 
multiple  calibration  runs.  For  this  procedure  the  standard  uncertainty  for  multiple  calibration  runs 
can  be  calculated  more  easily  than  in  the  general  case. 

Within  the  context  of  end-point  fitting  from  eaeh  calibration  run  there  are  still  metafitting  choices 
to  be  made  about  the  way  in  which  the  runs  are  to  be  used.  One  possible  strate^  is  a loose  lock  m 
frequency:  after  a calibration  run  (an  hour  in  duration,  in  our  example)  is  complete,  the  frequency 
of  the  maser  is  reset  (through  the  synthesizer  control,  for  example),  either  immediately  - or  after 
some  delay.  Clearly  the  least  delay  is  best,  and  we  chose  this  procedure  with  zero  delay  as  the 
reference  procedure  as  we  examine  a series  of  possible  improvements. 

A slightly  better  possibility  might  be  to  have  an  output  tightly  locked  in  phase  to  the  cesium 
fountain  during  the  calibration  run,  followed  by  a frequency  lock  to  the  fitted  frequency  of  the 
calibration  run.  The  phase-lock  type  of  frequency  control  removes  the  noise  of  the  maser  during 
the  calibration  run,  giving  it  an  advantage  that  remains  noticeable  for  extrapolation  mtervals  many 
times  longer  than  the  calibration  interval.  However,  for  extrapolations  of  an  hour-long  calibration 
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out  to  a period  of  a day  or  more,  there  is  not  a large  advantage:  2.3%  for  the  free-running  maser 
and  2.4%  for  the  autotuned  maser  model. 

A more  significant  advantage  comes  from  allowing  postprocessing,  as  can  often  be  tolerated  in  time- 
scale  construction  and  for  frequency  intercomparisons.  We  consider  a single  calibration  interval 
Ic  and  calculate  the  ratio  of  the  standard  uncertainty  of  the  average  frequency  over  an  interval  r 
for  the  best  real-time  frequency  control  to  the  symmetrically  extrapolated  time  interval  r.  The 
quantitative  postprocessing  advantage  will  depend  upon  the  specific  processing  scheme  or  schemes 

envisaged  - the  duration  and  frequency  of  calibration  intervals.  The  postprocessing  advantage  is 
up  to  a factor  of  two  [6], 

A postprocessing  advantage  of  two  is  really  quite  significant.  To  achieve  the  same  improvement 
in  the  maser  ensemble  could  lie  done  - by  increasing  the  maser  ensemble  size  by  four  times.  The 
postprocessing  advantage  of  greatest  interest  to  us  is  for  r representing  extrapolation  to  the  time 
interval  between  calibrations  - which  we  expetl  would  be  between  1 day  and  1 week.  Initial  interlal>- 
oratory  frequency  intercomparisons  between  ce.sium  fountains,  before  regular  calibration  schedules 
can  be  .set  up,  may  require  extrapolation  times  longer  than  1 week  for  minimum  uncertainty. 

Envisaging  multiple  frequency  calibration  runs  per  week,  of  either  hydrogen  maser  type  with  a 
cesium  fountain  having  a standard  uncertainty  of  optimistically  5 per  week,  at  the  same 

time  each  working  day,  what  is  the  best  weighting  procedure  for  msing  the.se  calibrations  in  an 
algorithm  to  determine  the  frequency  over  a given  interval?  For  the  week’s  pattern,  postprocessing 
extrapolabon  of  each  day’s  results  independently,  using  the  frequency  from  the  nearest  calibration 

^ improvement  in  accuracy  for  the  free-running  ma.ser,  and  an  improvement  of 
29%  for  the  auto-tuned  maser. 

We  have  .solved  for  the  optimum  weights  of  the  maser  calibrations  to  give  the  lowest  standard 
uncertainty  in  average  frequency  over  one  week  [6].  The  week  is  best  spanned  by  weighting  Monday 
and  Friday  runs  more  heavily,  to  account  for  the  weekend  gap  in  calibrations.  For  the  type  1 maser, 
the  optimum  weights  follow  the  spanning  times  rather  clo.sely,  and  the  optimum  weights  offer  only 
a 1.1%  improvement  in  average  frequency.  For  a type  2 maser,  there  is  a 4.7%  improvement. 

If  adjacent  weeks’  calibration  runs  are  also  available,  and  the  average  frequency  over  a particular 
week  is  required,  the  optimum  metafitting  includes  a small  admixture  from  the  preceding  and  the 
following  weeks.  For  a type  1 maser,  most  of  the  weight  comes  from  the  preceeding  Friday  and  the 
o owing  Monday.  For  an  autotuned  (type  2)  hydrogen  maser  noise  model,  the  optimum  weights 
have  a slower  variation  through  the  weeks,  and  the  three-week  optimum  has  .several  % of  the  weight 
on  points  that  are  a full  week  from  the  calibration  runs  of  the  central  week.  There  is  a 19% 
improvement  to  the  type  1 maser,  and  an  18%  improvement  for  the  type  2 maser.  The  improvements 
are  summarized  in  Table  1,  given  with  standard  uncertainties  and  cumulative  advantages  as  each 
improvement  is  applied.  For  either  maser  model,  the  optimization  of  weights  to  apply  to  each  run 
over  multiple  weeks  gives  about  a 20%  improvement  in  accuracy  from  the  equal-weight  case  It  is 
not  a large  improvement,  but  it  is  almost  free  - although  it  does  give  additional  cross-correlation 
lietween  each  week’s  frequency  proce.ssed  in  this  way.  Cascaded  with  the  other  advantages  discu.s.sed 
earlier,  it  results  in  a factor  of  2.2  improvement  in  the  accuracy  tramsferrable  with  a free-running 
(type  1 ) hydrogen  maser;  and  an  improvement  of  64%  for  the  auto-tuned  (type  2)  maser  For  the 
free-running  maser  model,  the  metafitted  optimum  standard  uncertainty  is  6.8  times  smaller  than 
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method 

Type  1 Cum. 

Uy{7d)  Adv.  adv. 

Type  2 Cum. 

Uj;(7d)  Adv.  adv. 

I / reset  to  unweighted  fit 

1.79x10"*’'^  f-00 

1.15  X 10"^'^ 

11  f reset  to  end  points 

1.77  X lO"^''’  1.2%  1.01 

1.15  X lO"^'^  0%  1.00 

III  phase  lock  -f  II 

1.73x10“'"’  2.3%  1.04 

1.12  X 10"^’^  2.47o 

IV  daily  postprocessed 

0.97x10-'-'’  77%  1.83 

0.87  X I O"'*^  29%  l.d2 

V metafit  1 week 

0.97x10“'-''  1.1%  1.85 

0.83x10'^'^  4.7%  1.39 

VI  metafit  3 weeks 

0.81  X 10“'-'’  19%  2.21 

0.70x10“^'^  18%  1.64 

VI 1 metafit  5 weeks 

0.81  X 10“'-'’  0%  2.21 

0.70  X 10"^'^  .1%  1-64 

— 

ay{7d) 

5.48  X 10-'-'' 

1.72  X 10-'-^ 

Tahle  1-  Reduclion  of  standard  uncertainty  in  averase  frequency  at  , days,  lor  a unu.ua 
) .tir,  and  an  autotuned  n.aeer  (type  2).  when  . ontrolled  by  different  methods  fro,.,  five  1-hour 
. alibrations  per  week.  The  % advantage  for  each  method  is  the  accuracy  nnproveraent  over  the 
previous  method.  The  last  column  gives  each  method’s  cumulative  advantage  ovw  inelhod  I, 
.!i^ynthes'izer  reset  to  the  least-squares  calibration  fit.  The  Allan  deviation  u„(r  = Id)  ,s  also  given. 

the  Allan  deviation  at  1 week,  and  for  the  type  2 maser  it  is  2.5  times  smaller  than  the  Allan 
deviation  at  1 week. 

other  interesting  strategies  are  Iteyond  the  .scope  of  this  worlc  Longer 

and/or  carlv-Monday  and  late-Friday  calibration  runs  rould  be  invoked  to  further  improve 
performance.  Our  methods  allow  for  weight  optimization  for  any  set  of  calibration  runs,  and 
calculating  the  resulting  standard  uncertainty  m average  frequency. 

For  some  applications,  statistical  independence  of  each  week,  or  eac-.h  10-day  period,  may  be  highly 
Lined  - for  Sample,  the  clock  reports  to  BIPM  each  10  days  that  are  used  for  determmmg  TAI 
(aid  IJTC)  should  be  independent  of  each  other.  Weights  for  data  frorn  the  weekly 
cycle  could  be  reoptimized  for  the  seven  different  10-day  cycles  that  would  exist.  The  metafitted 
optimum  weights  for  the  two  maser  models  are  shown  in  Figure  1.  For  the  fr^runnmg  maser 
Ldel  The  70  day  standard  uncertainty  in  average  frequency  is  3.31  x 10"^«  or  the  combination  of 
retvenlnd;^  optimized  10-day  periods,  as  compared  to  3.07  x lO"-  for  the  combinatmn 

of  10  independLt  7-day  periods.  For  the  autotuning  maser  model,  the  70  day  standard  uncertain  y 
in  average  frequency  is  2.72  x 10-’«  for  the  combination  of  the  seven  independent  optimized  10-day 
periods,  as  c ompared  to  2.62  x 10" for  the  combination  of  10  independent  7-day  perio  . . 


Conclusion 


Our  method  for  calculating  the  standard  uncertainty  for  realistic  noise  models  has  allow^  us  to 
^m^ure  a wide  variety  „f  algorithpu,  fo,  treating  one  particular  calibration  ^hedule.  We  hav 
metafitted  the  algorithm  in  several  ways,  and  have  identified  ways  to 

maser  frequency  control  by  2.2  and  1.64  times.  We  find  that  using  the  10-day  BIPM  schedu  e,  wi 
independent  processing  of  the  c alibrations  for  the  10-day  periods,  the  expected  asymptote  oi  a 
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single  auto-tuned  (type  2)  maser  (»uld  reach  1.2x  10“'*'  at  1 year.  For  a free-running  (type  1)  maser, 
the  standard  uncertainty  at  1 year  would  be  1.5  x lO”'®  . Thus  a flicker  floor  and  accuracy  of  lO”'" 
for  the  cesium  fountain  is  accessible  for  ])eriods  of  a year  with  current  masers  carrying  the  time 
scale.  Operating  the  masers  at  the  stal)ility  level  of  the  masers  presents  a challenge.  Transferring 
lO"'"  frequency  accuracy  to  a second  laboratory  also  presents  a challenge.  The  reliability  of  a 
cesium  fountain  which  might  do  this  seems  to  be  a major  challenge,  perhaps  comparable  to  the 
challenge  of  making  a cesium  fountain  with  a flicker  floor  and  accuracy  of  10“"'.  Perhaps  the 
greatest  value  of  this  metafitting  procedure  is  to  show  the  very  best  performance  which  might  Ite 
extracted  from  masers  represented  by  the.se  models.  If  greater  accuracy  is  desired,  then  different 
approaches  must  be  used. 
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Autotuned  Maser  

Free-running  Maser 

Optimum  Weights  for  Weekday  Calibration 
of  10-day  Average  Frequency 


Figure  1.  Optimum  weights  for  combining  weekday  calibrations  that  give  the  mii^um  standard 
uncertainty  in  the  average  frequency  over  a 10-day  interval.  The  caUbrating  reference  standard  is  taken  Jo  be  an 
ideal  one,  used  for  one  hour,  at  the  same  time  every  working  day.  The  optimum  weights  arc  shown  for  two  flywheel 
oscillators;  a free-running  hydrogen  maser  model  and  an  auto-tuned  maser  model.  The  optimum  weights  are  shown 
for  a the  10-day  period  starting  on  each  day  of  the  week. 
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Methodologies  For  Steering  Clocks 

H.  Chadsey,  USNO 


Abstract 

One  of  the  concerns  of  the  PTTI  community  is  the  coordination  of  one  time  scale  with  another. 
This  is  accomplished  through  steering  one  clock  system  to  another,  with  a goal  of  a zero  or  constant 
offset  in  time  and  frequency.  In  order  to  attain  this  goal,  rate  differences  are  calculated  and 
allowed  for  by  the  steering  algorithm.  This  paper  will  present  several  of  these  different  methods 
of  determining  rate  differences.  Ideally,  any  change  in  rate  should  not  cause  the  offset  to  change 
sign  (overshoot)  by  any  amount,  but  certainly  not  by  as  much  as  its  previous  absolute  value.  The 
advantages  and  disadvantages  of  each  depend  on  the  user’s  situation. 


INTRODUCTION 

Although  control  system  theory  is  not  new,  it  has  been  more  highly  developed  in  some  fields 
than  others.  One  good  example  is  rocket  .science  and  the  degree  of  control  theory  development 
needed  for  the  US  Space  Shuttle  to  “catch”  the  Hubble  Space  Telescope  in  December  of  1993. 
The  trick  was  to  meet  up  with  the  orbiting  unit  and  grab  it.  If  the  control  was  wrong,  the 
Shuttle  would  not  reach  the  unit;  pass  by  it;  or,  worse,  crash  into  it.  This  approach  to  an 
offset  (in  position)  is  done  through  the  precise  firing  of  rockets.  It  is  a very  critical  operation 
because  the  rockets  have  only  two  states:  off  and  full  thrust. 

The  same  type  of  problem  faces  a laboratory  trying  to  steer  the  frequency  of  a clock.  The 
objective  is  to  maintain  a clock  at  zero  (or  some  other  fixed)  time  offset  from  some  reference 
clock.  While  .steering  to  the  desired  value,  the  offset  should  not  be  allowed  overshoot  by  any 
amount,  but  most  certainly  not  by  the  same  or  more  than  its  previous  maximum  offset.  An 
important  difference  is  that  more  precise  clock  control  can  be  obtained  because  a variable  steer 
rate  algorithm  can  be  determined.  This  can  be  done  by  taking  the  principles  of  control  theory 
as  applied  in  other  fields  of  operation  and  applying  them  to  the  control  of  clocks. 


REASON  TO  STEER 

The  need  for  steering  may  be  understood  by  looking  at  what  happens  when  no  steering  is 
attempted.  A lab  might  only  monitor  the  time  offset  of  the  clock  to  some  standard  periodically 
(hourly,  daily,  weekly,  etc.).  From  these  periodic  measurements,  missing  values  would  be 
derived  by  interpolation,  operations  would  be  carried  out  with  no  controlling  of  the  clock.  For 
some  applications,  especially  if  they  are  performed  over  short  periods  of  time,  this  is  acceptable. 
However,  all  clocks  have  a rate  which  changes.  This  is  called  drift  and  it  is  not  constant.  As 
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a result,  the  clock  will  be  very  far  ahead  or  behind  and  vary  in  offset  amount  when  compared 
to  the  reference  clock,  creating  problems  for  some  operations.  (See  Figure  1.) 

STEERING  METHODS 

To  correct  for  the  drift  of  a clock,  the  most  rudimentary  of  steering  methods  can  be  used. 
For  example,  the  clock  may  be  closely  monitored  and  allowed  to  increase  the  offset  value  as 
compared  to’  the  standard.  Once  the  clock  has  reached  a predetermined  offset,  it  may  be 
time-stepped  to  a different  value.  Operations  continue  by  using  the  varying  offset  values  and 
interpolating  between  them  as  needed.  This  is  much  like  the  example  of  the  Space  Shuttle 
cited  earlier,  where  the  space  craft  is  allowed  to  drift,  controlled  through  the  use  of  varying— 
length,  full-throttle  corrective  actions.  In  the  controlling  of  cesium  clocks  with  this  method, 
there  are  two  major  potential  problems.  First,  operations  can  be  disrupted  when  the  clock 
is  time-stepped.  This  can  in  some  ca.ses  be  avoided  by  performing  the  steps  at  times  when 
the  clock  is  not  being  used  for  operations.  When  the  clock  is  adjusted,  very  close  monitoring 
must  be  performed  and  methods  developed  to  determine  values  of  offset  during  the  stepping 
procedure.  Second,  cesiums  and  many  other  types  of  clocks  can  have  their  characteristics 
changed  when  they  are  time-stepped.  Cesium  clocks  have  been  known  to  change  their  drift 
rate  when  adjustments  of  any  type  are  made  to  them.  Again,  it  depends  on  how  the  clocks 
are  being  used  whether  this  will  have  an  adverse  effect  on  operations.  (See  Figure  2.) 

We  turn  now  from  the  manipulation  of  the  clock  to  controlling  of  the  output  from  the  clock. 
Timing  is  controlled,  not  by  adjusting  the  clock  itself,  but  through  adjustment  of  its  output  with 
a phase  microstepper  or  similar  device. 

The  most  efficient  and  drastic  of  these  steering  adjustments  is  commonly  referred  to  as  the 
“Bang-Bang”  mode  of  operation.  The  crudest  form  is  the  two— stage  steering  algorithm.  This  is 
the  method  currently  employed  by  the  GPS  Master  Control  Station  to  control  GPS  time.  This 
methodology  lets  the  clock(s)  drift  at  its  natural  rate  until  a predetermined  offset  is  reached.  At 
that  time,  a frequency  change  is  made  to  the  output  (using  a phase  microstepper,  or  adju-stment 
of  the  clock,  etc.).  The  new  drift  rate  of  the  output  is  in  the  opposite  direction  and  at  a greater 
rate  than  the  natural  drift  of  the  clock.  This  new  rate  is  kept  until  the  clock  reaches  another 
predetermined  offset  value,  when  the  rate  is  again  changed  back  to  its  first  value.  These  rates 
are  currently  ±1.0  x l-~’^  seconds  per  second  squared  for  the  GPS  system.  As  a result  of  this 
two  value  steering,  the  clock  oscillates  between  the  extreme  offset  values.  Because  the  natural 
rate  of  the  clock  is  in  only  one  direction,  the  “wave”  is  asymmetric.  (See  Figure  3.) 

The  next  step  in  complexity  is  the  three-stage  steering  algorithm.  Here,  one  has  the  additional 
state  of  a zero  rate  of  steer  to  the  system.  The  theory  is  that  while  the  clock  offset  is  within 
a narrow  range  of  offset,  a zero  rate  of  steer  is  employed  by  the  system.  When  the  offset 
is  outside  this  narrow  range,  the  upper  or  lower  steer  rate  is  employed  to  move  the  clock  to 
within  the  narrow  offset  range  when  the  zero  rate  is  again  used.  While  this  is  very  easy  to 
perform  programmatically,  it  still  does  not  correct  for  the  natural  rate  of  the  clock.  It  can  also 
produce  a wave  pattern  which  may  not  be  stable  enough  for  the  operational  use  of  the  clock 
output.  (See  Figure  4.) 
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The  previous  steering  methods  use  a fixed,  predetermined  rate  of  adjustment.  We  next  consider 
the  possibilities  of  enhancement  to  a system  when  a variable  rate  adjustment  is  implemented. 
First,  when  the  rate  is  not  fixed,  we  will  discuss  how  it  is  determined.  Second,  we  will  see  how 
the  rate  correction  is  applied. 

One  of  the  first  conclusions  is  that  the  clock  can  now  be  adjusted  for  its  natural  drift.  We  no 
longer  have  to  hassle  with  an  asymmetric  wave  of  offsets.  But  how  can  the  natural  drift  rate 
be  determined? 

One  method  would  be  to  subtract  the  first  data  point  collected  after  the  last  rate  change  was 
applied  from  the  last  data  point  collected  and  divide  by  the  number  of  days  in  the  interval 
between  them.  This  would  result  in  a rate  per  day  which  can  easily  be  used  to  calculate  an 
adjustment.  This  method,  however,  does  have  a potentially  large  fault.  If  the  data  are  noisy, 
the  rate  determined  could  be  of  the  wrong  magnitude  and/or  sign. 

A second  method  would  be  to  take  an  average  of  the  differences  between  successive  days  of 
data.  This  would  reduce  the  likelihood  of  problems.  For  a well-behaved  system,  the  taking 
of  successive  differences  will  allow  one  to  construct  where  the  next  data  point  will  lie.  As  a 
result,  a rate  change  can  be  determined  and  tested  before  it  is  applied  to  the  system.  The 
problems  here  are  that,  depending  on  the  precision  of  measurement  and  control  desired,  the 
clock  system  may  not  be  a well-behaved  system;  large  amounts  of  data  are  required  which  are 
not  always  available;  and  this  method  does  not  react  well  to  sudden  change,  such  as  a clock 
jump. 

A third  method  would  be  to  perform  some  type  of  data  analysis  on  the  data  points  in  order 
to  find  the  slope  of  the  values.  A system  of  tracking  the  rate  of  change  of  a moving  average 
or  linear  line  fitting  with  slope  determination  over  short  time  periods  does  very  well.  It  is 
improved  when,  on  larger  data  sets,  a data  filter  is  used  to  remove  outlying  points.  After  some 
testing,  I chose  the  linear  fit  method  because  of  its  more  direct  approach,  its  flexibility  to  filter 
outlying  points,  and  the  fact  that  “one  cannot  design  a filter  better  than  the  optimum  linear 
filter". 

Now  that  we  have  a way  of  determining  the  natural  drift  of  the  clock,  we  can  use  that  to 
help  in  controlling  it.  This  leads  to  a methodology  I will  refer  to  as  graduated  steering.  It 
is  graduated  because  the  rate  of  correction  applied  is  no  longer  fixed,  but  varies  according  to 
some  algorithm.  Because  we  can  determine  the  natural  drift  of  the  clock  by  one  of  the  methods 
previously  di.scussed,  it  follows  that  we  should  use  that  as  a starting  point  for  the  amount  of 
the  change. 

For  example,  if  the  rate  of  the  clock  was  found  to  be  positive  30  nanoseconds  per  day,  then  we 
can  apply  a rate  of  -30  nanoseconds  per  day  by  use  of  a phase  microstepper.  The  result  would 
be  a clock  with  a zero  rate  of  change  as  compared  to  the  reference  standard.  (The  change  can 
also  be  an  adjustment  of  the  C-field,  but  a phase  microstepper  allows  for  finer  adjustments.) 

Now  that  we  have  created  a clock  with  a zero  drift,  we  must  get  a zero  offset  to  the  reference 
clock  in  order  for  our  operational  requirements  to  be  met.  This  could  be  done  by  time 
stepping  ( banging ')  it  back  to  zero.  This  would  require  the  calculation  and  manual  operation 
of  the  time  step.  It  would  also  mean  that  our  operation  could  be  disrupted  by  the  time 


step.  The  long-term  complication  would  be  that  if  the  natural  rate  of  change  for  the  clock 
was  not  determined  exactly,  after  a period  of  time  the  procedure  would  have  to  be  repeated. 
This  requires  constant  monitoring  of  the  system,  training  of  personnel  in  how  to  make  the 
ixirrections,  and  ascertaining  that  the  corrections  are  made  when  they  are  needed. 


The  correction  to  a zero  (or  near  zero)  offset  can  be  performed  by  modifying  the  rate 
determination  program  to  also  add  a small  amount  to  that  required  to  achieve 
how  should  this  additional  amount  be  determined?  A method  that  was  used  at  USNO  based 
the  additional  amount  on  the  clock  drift.  This  was  found  to  lead  to  some  undesired  effects 
Using  the  offset  value  as  a factor  for  additional  calculation  provides  much  better  control  of 
the  clock  The  idea  of  steering  back  to  a zero  offset  should  be  based  not  only  on  the  rate 
at  which  one  is  moving  toward  or  away  from  it,  but  also  on  the  present  offset  value.  If,  for 
in.stance,  one’s  clock  has  a rate  of  50  nanoseconds  per  day  and  the  current  offset  is  zero,  one 
would  then  introduce  a rate  change  of  -50  nanoseconds  per  day  to  achieve  zero  offset.  On  the 
other  hand  if  one’s  clock  has  a rate  of  50  nanoseconds  per  day  and  the  present  offset  value 
is  100  nanoseconds,  one  would  introduce  a rate  change  of  -50  nanoseconds  per  day  to  correct 
for  the  rate  of  the  clock  plus  an  additional  amount  to  get  back  to  zero  offset.  The  additional 
amount  could  be  the  present  offset  value  divided  by  some  damping  factor,  say  4.  In  this  case, 
the  offset  would  be  zero  in  4 days  time  and  another  rate  correction  introduced  to  flatten  the 
rate  of  the  clock.  This  method  of  simple  graduated  steering  will  correct  for  the  natural  dri 
of  the  clock  and  if  the  clock  is  offset  from  a standard  reference,  it  will  adjust  it  back  to  zero 
offset.  The  USNO  Master  Clock  is  steered  in  a similar  fashion. 

Under  ideal  circumstances,  this  simple  graduated  .steering  method  works  fairly  well.  The 
complication  arises  when  one  is  unable  to  make  one  or  more  of  the  rate  corrections  This 
can  be  caused  by  the  failure  of  one  computer  to  instruct  another  controlling  the  microstepper 
to  make  a change  (e.g.  because  of  a faulty  phone  connection),  by  computer  or  microstepper 
failure,  or,  if  the  operation  is  performed  manually,  by  the  absence  of  required  personnel.  The 
magnitude’  of  this  error  can  be  lessened  if  a damping  factor  is  used  or  if  the  one  in  use  is 

increased. 


PRESENT  USNO  STEERING  METHOD 

The  present  USNO  method  of  steering  remote  clocks  has  developed  into  a very  sophisticated 
process  that  is  totally  computer^ontrolled.  Operator  intervention  is  needed  only  in  case  of 
equipment  failures  or  other  extraordinary  events  (e.g.  clock  jumps  or  clock 

process  begins  by  a program  determining  the  offset  of  the  remote  clock  from  the  S as  er 

Clock  using  GPS.  This  can  be  done  using  one  of  several  methods.  USNO  currently  uses  e 
48-hour  running  linear-fit  melting-pot  method.  Once  the  offset  for  a series  of  days  has  been 
determined,  the  steering  rate  determination  program  begins  to  work. 

The  program  to  determine  an  adjustment  to  the  phase  microstepper  performs  several  tests 
before  the  calculation  is  actually  performed.  The  first  test  is  to  determine  whether  or  not  a 
steer  correction  is  permissible.  There  is  a big  danger  in  calculating  rate  changes  using  data 
that  contains  a mix  of  data  from  before  and  after  implementation  of  the  last  rate  correction. 
Calculation  using  mixed  data  can  lead  to  the  steering  process  causing  the  clock  offset  values 
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to  oscillate  in  a very  extreme  manner.  (See  Figure  5.)  Because  of  this  danger  and  the  use  at 
USNO  of  the  two-day  fit  method  of  GPS  data  processing,  the  steer  rate  determination  does 
not  u.se  any  offset  values  two  days  following  the  implementation  of  the  last  correction. 

The  next  test  is  to  make  sure  that  there  are  enough  data  to  determine  an  accurate  rate  of 
the  remote  clock.  This  requires  at  lea.st  two  days  of  data.  The  more  data  collected,  the  more 
accurate  the  determination  will  be.  However,  if  too  many  days  are  used,  problems  such  as 
fast  reaction  to  clock  jumps  and  clock  replacement  will  be  created.  So,  when  possible,  the 
minimum  amount  of  days  between  steers  is  u.sed. 

As  a result  of  the  these  first  two  tests  performed  by  the  program,  rate  changes  to  the  remotely 
controlled  clocks  occur  no  .sooner  than  once  every  four  days.  Combination  of  the  avoidance  of 
mixed  data  and  u.se  of  sufficient  data  points  can  improve  clock  stability  by  a factor  of  ten. 

The  actual  rate  change  is  then  determined.  From  the  above  tests  and  predictions  of  the  offset, 
it  is  easy  to  determine  whether  the  clock  is  moving  toward  or  away  from  zero  offset  and  whether 
the  offset  changed  sign  during  the  time  between  the  last  rate  correction  and  the  present  or 
will  change  sign  before  the  time  of  the  next  rate  correction.  Programmatically,  this  creates  a 
four-state  test  switch: 


1.  All  collected  and  predicted  values  are  of  the  same  sign  and  the  trend  is  toward  a zero 
off.set.  In  this  case,  the  steer  rate  change  would  be  the  predicted  value  divided  by  the 
damping  factor  and  again  divided  by  the  number  of  days  between  steer  rate  changes.  This 
double  division  prevents  overcorrection  of  the  clock. 

2.  All  collected  and  predicted  values  are  of  the  .same  sign  and  the  trend  is  away  from  a 
zero  offset.  In  this  case,  the  rate  change  would  be  the  rate  of  the  clock  away  from  zero 
to  flatten  the  clock  rate  plus  an  additional  amount  to  direct  the  clock  back  toward  zero. 
This  additional  amount  would  be  the  predicted  value  divided  by  the  damping  factor.  The 
number  of  days  between  steers  is  NOT  used  in  the  divisor,  as  this  would  not  cause  the 
clock  to  turn  around  its  direction  of  offset  travel.  Overcorrection  is  kept  to  a minimum 
becau.se  of  the  time  intervals  at  which  events  occur.  The  correction  is  applied  when  the 
clock  has  already  moved  further  away  from  zero  than  the  collected  data  indicate. 

3.  All  collected  values  are  of  one  sign  and  the  predicted  value  is  of  the  opposite  sign.  In 
this  ca.se,  it  was  found  from  the  many  possible  ways  it  can  occur  that  the  best  correction 
is  to  make  the  rate  change  equivalent  to  the  rate  of  clock,  thus  zeroing  the  clock  rate. 

4.  Some  of  the  collected  values  are  of  one  sign  and  the  re.st  of  the  collected  values  and  the 
predicted  value  of  the  opposite  sign.  In  this  case,  the  rate  change  would  again  be  the 
rate  of  the  clock  away  from  zero  to  flatten  the  clock  rate,  plus  an  additional  amount  to 
direct  the  clock  back  toward  zero.  This  additional  amount  would  be  the  predicted  value 
divided  by  the  damping  factor.  The  number  of  days  between  steers  is  NOT  used  in  the 
divisor,  as  this  would  not  cause  the  clock  to  turn  around  its  direction  of  offset  travel. 
Overcorrection  is  kept  to  a minimum  because  of  the  time  intervals  at  which  events  occur. 
The  correction  is  applied  when  the  clock  has  already  moved  further  away  from  zero  than 
the  collected  data  indicate. 
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The  correction  is  then  placed  in  units  of  nanoseconds  rate  of  change  per  day.  Another  program 
implements  the  change  in  the  phase  microstepper  at  the  remote  unit.  The  process  is  complete 

until  the  next  correction  is  needed. 


RESULTS  OF  STEERING 

Figures  6 and  7 show  the  results  of  the  implementation  of  the  present  control  program  Jwo 
sites  The  clock  being  controlled  in  Figure  6 is  located  in  the  office  area  of  an  Air  Force  PM^EL. 
The  clock  being  controlled  in  Figure  7 is  located  in  a controlled  environment  chamber.  Both 
are  using  the  same  program  for  determining  the  rate  adjustment  for  the  phase  microstepper. 


CONCLUSION 

With  some  thought  and  investigation  into  the  control  theories  used  in  other  fields  of  operation 
the  timing  community  can  develop  programs  to  provide  more  accurate  and  precise  control  of 
time  references.  This  can  only  lead  to  improvements  in  operations  and  an  ultimate  savings  o 
money  and  personnel  time.  Control  of  a clock  or  system  of  clocks  can  range  from  a simple 
manual  operation  concerning  the  periodic  readjustment  of  a clock  to  an  elaborate  aimputer 
program  cr>ntrol  operation.  The  computer  control  program  can  be  as  complicated  as  the 
programmer  desires,  "...intuition  is  at  a premium  in  nonlinear  design”  and  the  control  of  a 
clock  system  in  a changing  environment  is  definitely  a nonlinear  operation.  Beyonc  a certain 
point  of  complexity,  the  more  that  is  added  to  a program,  the  more  likely  a control  error  will 

occur. 
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THE  EFFECTS  OF  CLOCK  ERRORS  ON 
TIMESCALE  STABILITY 


Lee  A.  Breakiron 
Directorate  of  Time 
U.S.  Naval  Observatory 
Washington,  DC  20392 


Abstract 

The  weighting  scheme  for  the  cesium  clocks  and  hydrogen  masers  constituting  the  USNO  timine 
ensemble  is  reexamined  from  an  empirical  standpoint  of  maximizing  both  frequency  accuracy  and 
timescale  uniformity.  The  utility  of  a sliding-weight  relation  between  the  masers  and  the  cesiums 
IS  reaffirmed,  but  improvement  is  found  if  one  incorporates  inverse  Allan  variances  for  sampling 

times  of  12  and  6 hours  for  the  cesiums  and  masers,  respectively,  with  some  dependence  on  clock 
moaeL 


INTRODUCTION 

Maximum  timescale  stability  and  efficient  use  of  resources  require  the  proper  relative  weighting 
of  data  from  atomic  clocks.  This  paper  repre.sents  a continuation  in  our  quest  for  an  optimal 

(USNO)  dock  ensemble  has  changed,  first 
with  the  addition  of  hydrogen  masers  to  our  cesium-beam  frequency  standards  and  then  with 

new-model  HP5071A  cesium  standards,  which  are  phasing  out  our 
Hf^5061  standard.s  The  previous  study  of  our  weights  was  based  on  data  from  HP5061  cesiums 

and  a few  masersm.  The  lower  noise  of  the  HP5071A  cesiums  justifies  a reexamination  of  our 
weighting  procedures. 

Since  timescale  algorithms  are  generally  designed  to  optimize  frequency  stability,  clocks  are 
^mmonly  weighted  according  to  their  individual  frequency  stabilities,  as  measured  by  inverse 
Allan  variances  1/a,^.  A previous  study,  however,  found  no  significant  improvement  in  our 
timescale  if  inverse  Allan  variances  were  used  rather  than  equal  weights,  so  the  latter  have  been 
retainedUl.  The  performance  of  each  USNO  clock  is  closely  monitored  and  any  change  in  its 
rate  precipitates  total  deweighting  until  its  behavior  is  again  .satifactory  and  its  rate  accurately 
redetermined  The  deweighting  is  done  automatically  in  the  computation  of  the  near-real-time 
mean  tmescale  (done  every  hourly  measurement)  toward  which  the  Master  Clocks  are  steered- 

deweighting  is  done  manually  during  the  repeated  postprocessing  which  ultimately  results  in 
the  final  timescale.  ^ 

The  incorporation  of  hydrogen  masers,  with  their  different  noise  characteri.stics,  requires  special 
treatment  of  their  data.  Some  labs  use  a Kalman  filter  to  handle  data  from  such  a heterogenous 
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ensemble^  We  have  obtained  good  results  from  a sliding-weight  relation  between  the  masers 
andThe  celium!  tCt  mirrors  thSir  respective  class  average  sigma-tau  plots,  w.th  the  samphng 
time  r replaced  by  the  time  prior  to  the  latest  measurernentm.  This  results  m a time  dependen  c 
of  the  weights  requiring  recomputation  of  the  entire  timescale  every  hourly  time  stcp_  c 
lferslmina\e  the  clock  weights  in  the  recent  past,  but  are  entirely  phased  out  over  a 75_day 
• A niv  thp  iMst  75  davs  actually  need  to  be  recomputed.  This  zeroing  of  the  maser 
Wdght  prevents  any  drift  of  rlro  ‘inr^oalo  rlua  to  the  masers,  since  even  though  ‘h'  ftoquency 
rlrifts  of  all  clocks  are  determined  and  removed  from  the  data,  some  errors  these 
corrections  might  otherwise  accumulate. 

Still  as  data  collect  reconsideration  of  the  sliding-weight  relation  might  be  worthwhile,  as 
ml  that  ti  ass^  equal  weights  for  the  masers  among  themselves.  Also,  httmg  average 
skma-laii  plots  to  a class  of  clocks  is  not  a straightforward,  and  may  be  a questionable, 
procedure,  L the  approach  taken  here  is  to  select  clocks  of  homogeneous  type  for  genera  ion 
of  test  timescales  whose  sigma-tau  plots  may  then  be  meaningfully  comparct . 

THE  HP5071A  CESIUMS 

The  new-model  HP5071A  commercial  cesium  frequency  .standards  exhibit  a significant  reduction 
T ncle  kvel  over  the  older  HP5061  models  and  other  cesiums  due  to 
electronics  and  careful  allowance  for  environmental  effectsl‘1.  USNO  currently  has  50  HP507 
cesiums  in  13  vaults  or  environmental  chambers  available  for  timesrfe  data  , 

fact  they  have  been  used  in  the  timescale  computation  since  ”2.  A preliminary 

scheme  weighted  an  HP5071A  cesium  equal  to  1.5  times  that  of  an  HP5061  cesiii  . 

In  order  to  further  investigate  their  weights,  twelve  of  the  HP5071A  ce«  wer^^^^^^^^^ 
which  displayed  constant  rate  and  negligible  drift  over  an  interval  of  200 
49337  when  the  reference  maser  changed  rate).  Fig.  1 is  a sigma  an  p 
HP5071A  cesiums  relative  to  the  Sigma-Tau  maser  NAV5  (in  all  such  plots,  a frequency  offset 
has  been  removed).  Approximating  their  weights  with  inverse  Allan  variances  at  a samphng 
time  of  30  days  (around  the  minimum),  we  find  that  the  weights  range  over  a factor  of  3.1. 

However,  how  valid  are  Allan-variance-based  weights  for  the.se  clock.s  and  what  sampling  time 
should  be  used?  Though  the  theoretical  answer  to  the  latter  for  our  algorithm  is  one  hour,  the 
true  answers  to  both  questions  are  affected  by  noise  and  systematics.  In  particular,  the  noise 
of  our  time-interval-counter  measurement  system  is  significant  at  one  hour.  A proper  gauge 
of  a clock’s  contribution  to  a timescale  is: 

(1) 


^twso(’'’) 

where  (t)  is  the  reduction  in  variance  contributed  by  clock  i,  frj,^,si(r)  is  the  variance 

uf  the  timescale  computed  including  clock  i,  and  ‘t"=  Allan  variance  of  the  timescale 

computed  without  clock  i. 

This  assumes  that  the  clocks  involved  are  not  significantly  correlated.  This  has  been  found  to 
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clocks  when  the  clocks  are  not  disturbed  by  environmental  and  h.inlan 
m CNO  , « are  mtntmized  by  the  cnviromental  control  and  maintenance  procedures 

, tala  affected  by  such  disturbances  have  been  rejected  from  this  study,  as  they  are 
from  the  armputation  of  UTC  (USNO).  While  correlations  may  seem  to  be  significant  when 
clock  freqiicn^  variations  are  Intercomparedlsl,  unpublished  USNO  results  indicate  that  few  of 
ese  cannot  be  explained  by  the  use  of  a common  reference,  as  has  been  found  by  othersl^l. 

The  intention  was  to  use  these  clocks  to  generate  test  timescales,  and  twelve  clocks  were  thought 
o be  suftcient  to  produce  a stable  timescale,  while  still  being  few  enough  for  such  a timescale 
to  show  a measurable  effect  if  one  of  the  clocks  was  omitted.  Te.st  timescales  were  generated  for 
a twelve  clock-S  and  every  subset  of  eleven  clock.s,  using  equal  weights;  the  clock  contributions 
were  then  calculated  via  Eq.  (1).  An  indication  of  the  be.st  Allan  variance  to  weight  by  would 
e that  which  best  predicts  a clock’s  contribution  to  such  a time.scale.  Unfortunately,  a scatter 

plot  ^howed  only  that  an  Allan  variance  for  a sampling  time  of  a few  hours  was  better  for 
weighting  than  one  for  a few  days. 

To  better  quantify  this,  a relative  error  parameter  <p  was  defined  such  that: 


= 


(2) 


where  is  the  Allan  variance  of  clock  i.  Values  of  log(p  are  plotted  vs.  logr  for  all  the 

cesiums  in  Fig.  2.  Some  points  are  missing  because  o was  not  available  when  the  computed 
clock  contribution  was  negative,  as  it  occasionally  was,  due  to  noi.se.  Averages  were  not  very 
stable,  but  the  median  minimum  relative  error  occurred  for  a sampling  time  of  12  hours. 

As  a check,  test  time.scales  were  generated  for  the  .same  interval  and  clocks,  weighting  the 
coc  s y inverse  Allan  variances  over  a range  of  sampling  times  from  1 hour  to  30  days  The 
resulting  sigma-tau  plots  are  given  in  Fig.  .3.  There  is  little  difference  between  most  of  them 
but  the  worst  are  the  long  sampling  times,  as  one  would  expect.  The  best  sampling  time  was 
around  12  hours.  Variances  computed  for  r = V2  hours  would  also  reflect  well  the  effects  of 
any  diurnal  environmental  perturbations.  At  r = 12  hours,  al(r)  varied  over  a factor  of  2.8 

^ varied  over  a factor  of  2.0.  Consequently,  inverse  12-hour  Allan  variances  will  be 
our  choice  for  weighting  the  HP5071A  cesiums. 


THE  HP5061  CESIUMS 

At  present,  14  HP5061A  cesiums  and  two  HP5061B  cesiums  in  four  vaults  or  environmental 
ctiambers  are  available  for  timescale  data  acquisition.  The  sigma-tau  plots  for  ten  HP5061A 
cesiums  are  given  in  Fig.  4 for  from  80  to  169  days  of  data.  A similar  analysis  was  attempted 
of  the  clock  contributions  as  was  done  for  the  HP5071A  cesiums.  Also,  each  HP5061A  clock 
wa.s  substituted  for  a member  of  the  HP5071A  ensemble,  and  time.scales  were  generated  and 
analyzed  for  each.  In  both  cases,  the  HP5061A  data  were  too  noisy  to  reach  reliable  conclusions. 

Comparing  the  average  12-hour  Allan  deviations  in  Fig.  4 with  those  in  Fig.  1 gives: 
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(o’r,07i/f’'.'i0Gi)  —0.795 


Comparing  the  median  12— hour  Allan  deviations  gives. 


(o’r,07i/<r.'i0Gi)  — 0.785 

Consequently,  we  will  adopt  a weight  ratio  of: 


2 / 2 

^«50Gl/^^5071  = fr507l/crr.0Gl 


= 0.62 


for  any  HP5061  cesium  relative  to  a typical  HP5071A  cesium. 

As  a check  on  whether  equal  weights  should  be  retained  for  the  HP5061 A clocks,  test  timescales 
were  generated  for  104  days  of  data  (MJD  49233-19337),  weighting  by  inverse  Al  an  variances 
for  a range  of  sampling  times.  The  results  are  presented  in  Fig.  5.  While  inverse  1-hour  Allan 
variances  make  slightly  better  weights  than  those  for  somewhat  longer  sampling  tinies,  equal 
weights  yielded  significantly  better  stabilities  than  did  any  of  the  Allan-variance-based  weights. 


THE  MASERS 

USNO  currently  has  three  SAG  masers  and  ten  Sigma-Tau  masers  in  seven  vaults  or  env^ 
ronmental  chambers  available  for  timescale  data  acquisition.  During  a 222-day  mtei^al  (MJD 
49404^9626)  of  constant  drift  and  variance,  four  SAG  masers  (one  has  since  left)  and  five 
Sigma-Tau  masers  were  selected  for  analysis.  Some  rate  corrections  and  occasional  outlier 
rejections  were  required,  but  this  is  done  routinely  by  the  timescale  algorithm  Some  of  these 
masers  were  steered  in  frequency,  so  their  data  were  mathematically  desteered. 

An  n-cornered-hat  analysis  was  performed  to  obtain  their  absolute  Allan  deviations,  which  are 
plotted  in  Figs.  6 (for  the  SAG  masers)  and  7 (for  the  Sigma-Tau  masers).  (The  analytical 
method,  which  produces  identical  results  as  the  method  commonly  in  usem,  is  described  in  the 
Appendix  and  is  due,  as  far  as  we  know,  to  Winklerl*!.)  The  curves  for  the  Sigma-Tau  masers 
differ  systematically  from  those  of  most  of  the  SAG  masers,  as  might  be  expected,  since  the 
former  are  auto-tuned.  The  average  r of  minimum  variance  is  0.8  days  for  the  SAG  masers  and 
5 9 days  for  the  Sigma-Tau  masers.  Approximating  their  weights  with  inverse  Allan  variances 
at  the  average  r of  their  minimum  variances,  we  find  that  the  weights  range  over  a factor  of 
166  for  the  SAG  masers  and  14  for  the  Sigma-Tau  masers.  This  indicates  that  the  weights  of 
the  two  types  of  masers  should  be  derived  separately  and  that  an  upper  limit  on  the  weight  of 
a clock  will  be  necessary  (more  on  this  later). 

Meaningful  computations  of  clock  contributions,  then,  will  require  unequal  weighting.  In  order 
to  determine  the  r of  the  Allan  variances  for  such  weights,  test  timescales  were  generated 
for  the  above  mtei^al  and  masers  relative  to  the  masers  MC  #1  and  MC  #2,  weighting  by 


372 


inverse  Allan  variances  over  a range  of  sampling  times.  A three-cornered-hat  analysis  was 
then  done  between  each  timescale  relative  to  Master  Clock  (MC)  #1,  each  timescale  relative 
to  MC  #2,  and  the  difference  MC  #1  — MC  #2  in  order  to  determine  the  absolute  Allan 
variances  of  each  time.scale.  The  sigma-tau  curves  of  these  timescales  are  displayed  in  Fig.  8. 
At  .smaller  .sampling  times  (where  the  .stability  of  the  ma.sers  is  of  most  intere.st  to  us),  6-hour 
Allan-variance-based  weights  are  best. 

On  that  basis,  6— hour  Allan-variance— weighted  timescales  were  generated  for  all  nine  masers 
and  for  every  subset  of  eight.  Clock  contributions  were  next  computed  as  they  were  for  the 
cesiums.  The  corresponding  values  of  relative  error  <f)  are  plotted  in  Figs.  9 (for  the  SAO 
masers)  and  10  (for  the  Sigma-Tau  masers).  Again,  .some  of  the  points  are  missing  due  to  noise. 
The  situation  is  less  clear  than  for  the  HP5071A  cesiums,  but  the  sampling  time  of  the  median 
minimum  relative  error  is  also  6 hours.  Hence,  we  will  adopt  6-hour  Allan-variance-based 
weights  for  the  masers. 


THE  MASERS  RELATIVE  TO  THE  CESIUMS 

The  rationale  behind  the  sliding-weight  scheme  relating  the  masers  to  the  cesiums  is  that:  (1) 
it  combines  the  short-term  stability  of  the  masers  with  the  long-term  stability  of  the  cesiums; 
and  (2)  it  retains  the  systematic  frequency  accuracy  of  the  cesiums  as  an  anchor  to  the  final 
timescale,  while  maximizing  the  relative  frequency  stability  of  the  time.scale  in  the  recent  past, 
where  it  used  to  steer  the  Master  Clocks.  A Kalman— filter— based  timescale  algorithm  can 
provide  (1),  but  not  (2).  As  noted  above,  the  method  requires  recomputation  of  the  timescale 
every  time  step,  with  the  consequences  that:  (1)  our  timescale  only  becomes  final  75  days  in 
the  past;  and  (2)  UTC  (USNO)  at  any  given  time  may  change  by  a few  nano.sceonds  during 
those  75  days.  The  latter  is  logical  becau.se,  as  data  accumulate,  clock  rates  and  drifts  become 
more  accurately  determined,  improving  one’s  knowledge  of  the  timescale  at  any  point  in  the 
past. 

As  mentioned,  HP5071A  cesiums  have  been  used  in  the  timescale  computation  since  February 
1992.  A preliminary  scheme  weighted  the  HP5071A  ce.siums  and  the  hydrogen  ma.sers  as 
follows: 


w'.';o7i(0  = l/[ant.ilog  (O.l.'JOx^  — 0.137a:  — 13.959)]^  (3) 

Whr,i{t)  = 1 /[antilog  (0.309^2  _ 0.037a;  - 14.2.39)]^  (4) 

where  x = log  t — 5.9,  z = log  t — 5.2,  and  t is  the  time  difference  in  seconds  prior  to  the  most 
recent  measurement.  At  t = 0,  the  weight  was  arbitrarily  set  equal  to  t = 3600  (not  t = -1, 
as  misstated  in  [1],  p.  299). 

In  order  to  redetermine  these  relations  u.sing  sigma-tau  plots  of  timescales  rather  than  tho.se 
of  clocks,  test  timescales  were  generated  for:  (1)  the  four  SAO  masers;  (2)  the  five  Sigma-Tau 
masers;  and  (3)  five  of  the  above  HP5071A  cesiums,  all  for  the  above  222-day  interval.  The 
ma.sers  were  weighted  by  inverse  6-hour  Allan  variances  and  the  cesiums  by  inverse  12-hour 
Allan  variances.  An  upper  limit  of  33%  of  the  total  weight  was  placed  on  the  individual 
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clock  weights.  Sigma-taii  plots  were  computed  for  all  three  timescales.  The  ratio  of  the 
corresponding  Allan  variances  for  each  maser  timescale  and  the  cesium  timescale  were  taken 
and  fitted  with  a second-order  curve,  as  shown  in  Figs.  11  (for  the  SAO  masers)  and  12  (for 
the  Sigma— Tail  masers).  The  equations  of  these  fits  are: 

ivs AO /no7i  (t)  = [e-1  ± 0.9] (log  O'  - [79  ± 9](log  t)  + [257  ± 22]  (5) 

wsr/ro7\{t)  = [5.5  ± 1.4](log0''  - [76  ± H](log0  + [261  ± :}4]  (6) 

where  t,  the  time  in  seconds  prior  to  the  latest  measurement,  has  been  substituted  for  t.  The 
weights  at  t = 0 are  arbitrarily  set  equal  to  those  at  t = 3600.  These  relations  reach  minima 
at  log  t = 6.5  and  6.9,  respectively,  at  which  point  they  can  be  ramped  down  to  zero  by  t = 
75  days. 

As  a final  test  of  the  new  weights,  these  sliding-weight  relations,  6-hour  maser  weights,  and 
12— hour  cesium  weights  were  used  for  the  same  nine  masers  and  nine  of  the  HP5071A  cesiums 
to  generate  timescales  for  the  above  222-day  interval.  A single  sigma-tau  plot  cannot  properly 
characterize  such  a timescale  because  of  the  change  in  short-term  stability  relative  to  long-term 

stability  with  time.  Since  the  cesiums  dominate  after  15  days  in  the  past  and  it  has  been 

shown  that  the  new  weights  provide  .some  improvement  over  the  old,  the  remaining  question 
is  whether  the  .stability  in  the  last  15  days  has  been  enhanced.  Accordingly,  the  interval  was 
divided  into  fourteen  15— day  segments  and  timescales  were  generated  for  each  segment,  with 
t reckoned  from  the  end  of  each  segment.  The  Allan  variances  of  these  timescales  were  then 
averaged  and  are  presented  in  Fig.  13,  where  for  comparison  there  have  also  been  plotted  the 
corresponding  averages  if  one  used  the  old  weightsl‘1  and  the  new  weights  but  with  no  sliding 
relation.  As  can  be  seen,  the  new  weights  are  a significant  improvement  on  the  short  term 
over  both  the  old  and  to  not  using  the  sliding  relation  at  all. 

SUMMARY 

The  proper  choice  of  timescale  algorithm  and  clock  weighting  scheme  depends  on  the  purpose 
to  which  the  resulting  timescale  is  to  be  put.  One  objective  of  the  USNO  timescale  is  systematic 
frequency  accuracy  of  the  final  timescale  coupled  with  optimal  relative  stability  in  the  recent 
past  for  the  purpose  of  steering  the  Master  Clocks.  Compromise  between  these  two  aims  is 
avoided  by  use  of  the  sliding-weight  relations  between  the  masers  and  the  HP5071A  cesiums 
given  in  Eqs.  (5)  and  (6).  Adoption  of  inverse  6-hour  Allan-variance  weights  for  the  masers 
and  similar  12-hour  weights  for  the  cesiums  will  further  improve  UTC  (USNO)  by  introducing 
responsiveness  of  the  timescale  to  the  performance  of  individual  clocks  beyond  that  already 
provided  by  careful  monitoring  and  deweighting. 

The  new  weights  for  an  HP5071A  clock  i (of  n such  clocks)  and  an  HP5061  clock  j are, 
respectively: 
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»'.'071,;(0  - 


E" 


A;(0 


(7) 


and 


(8) 


’■  ' ‘l“'*'=i8hli"S  Actors  in  case  of 

g . pc  finance,  an  uncertain  rate,  or  an  upper  limit  on  the  weight;  ami  < > denotes 
an  average  over  all  clocks.  The  new  weigh,  for  a maser  k (of  a total  of  m such)  is: 


Whrn,k{t)  = 


^Ik 


v-m  2 
^k-  \ ^0,/c 


Dk  (t  ) /oO?  I (0 


(9) 


bv  Ea  ""  t/f " variance  for  r = 6 hours,  Dk  is  a deweighting  factor,  and  Wk„,/,07,  is  given 
by  Eq.  (5)  or  (6).  A upper  limit  on  the  weight  prevents  one  or  more  superior  clocks  from 
dommatmg  the  timescale,  which  might  lead  to  jolts  of  the  timescale  in  the  cL  of  clocfL  ur" 

The  imposition  of  such  a limit  detracts  from  optimality,  but  is  a requirement  fo  diab  1 ' 

which  IS  another  objective  of  the  USNO  timescale.  vi.aouiiy, 

"'I  timescale,  a correction  factor  would 

fh  ^K-  so-called  clock-ensemble  effect,  which  would 

otherwtse  bias  the  timescale  toward  the  best-performing  clocksm.  One  may  afs^qulstlon 

variances  a.set  on  reference  to  a time.scale  whose  own  stability  changes  with  time  Both 

^«r  mrTlhrnT'rn''  I"' 

maser,  rather  than  to  the  mean  timescale.  ^ 

Whether  the  adoption  of  gradual  (robust),  rather  than  instantaneous,  deweighting  would  be 

rh^Tprrrirsirr'i  h^n::!!;: 

^hort-term  measurement  noise  should  be  appreciably  reduced  when  our 
xpenmen  al  Erbtec,  or  its  succes.sor  the  Steintech,  system  is  reliable  and  capacious  enough 
c implemented,  at  which  time  the  above  weighting  .scheme  will  need  to  be  ree.xamined 
Further  automation  of  the  postprocessing  procedure  and  more  statistically  rigorous  treatment 
of  rate  and  drift  determination  and  rate  and  drift  change  detection  are  plLned. 
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APPENDIX 


An  n-cornered-hat  analysis  for  the  individual  variances  of  a set  of  uncorrelated  clocks  may  be 
performed  by  writing  the  variance  of  the  difference  between  the  measurements  of  clocks  i and 
j as  the  sum  of  their  individual  variances: 


for  all  possible  pairs  of  n clocks  and  then  solving  these  as  a system  of  n (n  - l)/2  simultaneous 
linear  equations.  The  matrix  equation  a)uld  be  expressed  as: 


where,  for  four  clocks: 
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X may  then  be  solved  for  by  multiplying  both  sides  by  the  Penrose  pseudo-inverse  of  M,  which 
here  is: 
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As  with  the  standard  n-cornered-hat  method,  the  analysis  fails  if  any  of  the  variances  solved 
for  comes  out  negative.  This  generally  occurs  when  the  clocks  are  significantly  intercorrelated, 
causing  the  variances  to  be  underestimated. 
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QUESTIONS  AND  ANSWERS 


MARC  WEISS  (NIST):  The  result  of  that  equally-weighted  scale  looks  as  good  as  a 
differently-weighted  scale.  It  was  rather  surprising  to  me  because  we  found  results  that  are 
rather  different. 

Also,  in  general,  using  weights  by  themselves  is  really  dependent  on  what  algorithm  you  re 
using.  And  the  tan  that’s  used  for  determining  the  Allan  Variance,  fTy(r),  the  tau  should  come 
out  of  the  algorithm;  the  algorithm  should  dictate  the  tau  you  use  to  determine  weights.  And 
using  that  kind  of  analysis,  we  found  quite  a difference  when  we  used  .scales  that  are  weighted 
differently  for  different  clocks. 

LEE  A.  BREAKIRON  (USNO):  It  depends  on  e.xactly  how  you  intend  to  use  the  time  .scale 
that  you  generate.  We  would  like  the  highest  systematic  accuracy  to  determine  our  final  time 
scale.  That’s  why  we  phase  out  the  masers,  and  we  want  the  highest  relative  accuracy  in  the 
short  term  to  steer  our  masers  too.  Yes,  it  depends  what  you  are  going  to  put  the  time  scale 
to  as  to  what  tau  you  would  weight  by  and  whether  it  would  make  any  difference. 

MARC  A.  WEISS  (NIST):  What  do  you  mean  by  “accuracy”  in  that  conte.xt? 

LEE  BREAKIRON  (USNO):  We  want  the  systematic  accuracy  of  the  time  scale  to  be 
ma.ximized,  based  only  on  the  cesiums.  So  that’s  why  we  phase  out  the  masers. 

MARC  A.  WEISS  (NIST):  By  accuracy,  do  you  mean  “frequency  accuracy”  or  accuracy  of 
time  relative  to  some  other  scale’.' 

LEE  BREAKIRON  (USNO):  Right.  The  systematic  frequency  accuracy. 

JUDAH  LEVINE  (NIST):  I would  just  like  to  ask  you  to  clarify  your  point  of  your 
recomputation  of  the  data  already  submitted  to  the  BIPM.  Does  that  mean  that  the  data  in 
Circular  T are,  in  fact,  amended  after  the  fact’.' 

LEE  BREAKIRON  (USNO):  Slightly. 

JUDAH  LEVINE  (NIST):  Is  that  amendment  published  subsequently?  What  I am  saying 
is  that  if  1 look  at  Circular  T and  I copy  a number  down  --  I’m  trying  to  understand  how  it 
works. 

GERNOT  M.  WINKLER  (USNO):  Two  things.  The  Circular  T values  are  determined  from 
the  individual  clock  readings  which  we  submit  to  the  BIPM.  They  are  not  changed.  These  are 
measurements  which  are  made  against  a physical  signal,  which  is  the  Master  Clock;  which  is 
the  same  which  is  used  to  link  to  other  laboratories. 

What  we  are  talking  about  here  is  the  internal  time  scale  which  is  used  to  steer  the  Master 
Clock.  There  is  a very  long  time  constant.  We  have  to  have  something  to  steer  to  us.  BIPM, 
of  course,  in  a last  analysis,  is  to  panel  for  that.  But  for  the  day-  to-day  performance,  we 
have  an  internal  time  .scale,  and  that  is  the  one  which  changes.  Now  that  is  the  internal  time 
scale  which,  again,  has  to  be  differentiated  from  the  coordinated  scale.  The  coordinated  scale 
has  additional  frequency  changes  imposed  because  of  our  efforts  to  stay  as  close  as  we  can  to 
BIPM. 
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So  the  result  is,  the  bottom  line  is  that  the  Circular  T values  for  the  UTC,  USNO  are  not 
changed. 


CLAUDINE  THOMAS  (BIPM):  Of  course,  UTC  minus  UTC  USNO  Master  Clock  is  not 
changed,  for  sure.  But  I think  that  Gernot  is  .speaking  about  the  .second  page  of  Circular  T 
which  gives  DI  minus  the  individual  TA;  while  what  is  called  TA  USNO  is  A.l  mean  from 
USNO  and  for  which  we  do  not  have  the  definitive  values,  as  far  as  I understood  with  this  thing 
with  Dr.  Breakiron  last  Friday.  We  do  not  have  the  definitive  values;  the  values  published  are 
not  the  definitive  values  simply  because  definitive  values  are  obtained  70  days  after  the  fact, 
while  USND  values  are  before  70  days. 

But  It  is  true,  we  have  not  the  definitive  values.  Maybe  we  can  change  this  for  the  annual 
report.  But  that  is  something  that  I didn’t  know  before  coming  here.  But  maybe  we  can 
change  this. 

GERNOT  M.  WINKLER  (USNO):  There  is  another  point.  And  that  is  that  TAI  is  not 
based  on  the  contributions  of  the  time  .scales.  It  is  based  on  the  contribution  of  individual 
clocks. 

CLAUDINE  THOMAS  (BIPM):  Yes,  yes,  of  course.  The  independent  time  scales  are  not 
weighted  in  TAI.  What  arc  weighted  is  are  the  independent  clocks  supposed  to  be  free-running. 

But  it’s  true  that  we  are  also  publishing  DI  minus  independent  local  TA  on  the  second  page 
of  Circidar  T.  And  I think  that  Gernot  was  alluding  to  that  particular  publication,  which  has 
nothing  to  do  with  the  first  page  which  is  UTC  minus  local  UTCs.  Thank  you. 

LES  BREAKIRON  (USNO):  I thought  of  a better  answer  to  Dr.  Weiss.  You  have  to  realize 
that  this  data  have  been  cho.sen  becau.se  they  are  the  highest  quality  that  we  have.  And  all 
things  like  rate  corrections  have  already  been  either  corrected  for  or  the  clock  is  removed  for 
that  rea.son. 

So  when  you  re  dealing  with  data  of  that  quality,  and  it’s  essentially  been  combed  through  like 
that,  I think  you  would  find  results  clo.ser  to  ours. 

CLAUDINE  THOMAS  (BIPM):  Excuse  me.  I just  want  to  add  a small  comment  or 
question.  On  one  of  your  transparencie.s,  there  is  a difference,  something  like  1 over  variance 
equals  1 over  variance  of  something  else,  minus  1 of  a variance  of  .something  else. 

LES  BREAKIRON  (USNO):  Right. 

CLAUDINE  THOMAS  (BIPM):  I’m  very  suspicious  of  doing  differences  of  variances.  If 
you  have  differences  of  one  of  a variance,  it  means  you  are  able  to  do  the  sum  of  one  of  a 
variance.  And  this  is  only  possible,  of  course,  if  the  clocks  are  independent  and  if  there  is  no 
limit  of  weight.  As  soon  as  you  have  a limit  weight  in  any  time  .scale,  it  is  no  longer  true. 
That’s  an  argument  against  TAI,  which  is  very  often  .said  and  di.scu.ssed.  Thank  you. 

GERNOT  M.  WINKLER  (USNO):  I think,  since  that  is  a planning  meeting  and  require- 
ments of  great  interest,  I would  like  to  hear  of  anyone  who  would  be  affected  by  these  changes 
of  the  internal  time  scale,  after  the  fact.  We  have  been  under  the  firm  impre.ssion  that  it 
doesn’t  affect  anyone,  because  it  does  not  affect  TAI,  it  does  not  affect  the  actual  differences 
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which  are  reported  on  page  one.  It  only  affects  the  difference  of  DI  minus  internal  time  scale, 
which  you  published. 

However  I would  like  to  hear  from  anyone  who  feels  that  this  produces  a difficulty. 

CLAUDINE  THOMAS  (BIPM):  Of  course,  the  second  page  of  Circular  T,  which  gives  DI 
minus  TAK,  is  used  only  for  laboratories  which  are  giving  TA.  Of  course,  this  has  absolutely 
no  impact  on  tau  and  users  of  UTC-K,  which  are  published.  The  use  is  for  you,  m fact,  to 
know  it’s  doing  your  E.l  mean  relative  to  TAI.  Well,  if  anyone  wants  to  make  the  same  kind 
of  thing,  of  course,  if  he  has  not  the  last  updated  value.s,  he  is  mistaken,  of  course. 

But  the  primary  role  of  this  answer  is  for  the  laboratories  themselves. 

GERNOT  M.  WINKLER  (USNO):  We  have  to  ask  ourselves. 

CLAUDINE  THOMAS  (BIPM):  Yes.  All  the  u.sers  who  would  liked  to  be  linked  for  some 
reason  to  A.l  mean.  Of  course,  if  it  only  takes  Circular  T values,  they  do  not  have  the  last  of 
this.  So  they  may  feel  mistaken  or  have  a distrust  about  that. 

JUDAH  LEVINE  (NIST):  My  comment  is  that  the  most  important  aspect  of  the  Circular  T 
data  is  that  I understand  what  it  means.  Speaking  as  a user  of  page  two,  the  most  important 
characteristic  to  me  is  that  I understand  exactly  how  those  numbers  are  calculated.  And  now 
that  I understand  it,  I understand  it;  and  before,  I didn’t  understand.  And  I think  that  is  the 
most  difficult  aspect,  is  to  know  what  the  number  actually  means  or  how  it  was  calculated. 

RANDY  CLARKE  (USNO):  I’m  the  one  that  does  it.  So  just  to  let  you  know  what  you’re 
facing,  I would  say  that  it’s  probably  only  a few  nss.  Because,  we  .send  in  the  reports  after  30 
days,  io  the  major  processing  has  already  been  done.  So  it’s  very  rare  that  it’s  over  five.  If 
you’re  interested  in  whnt  it  is,  it’s  something  like  five  ns. 

CLAUDINE  THOMAS  (BIPM):  This  can  be  done  so  simply  in  the  new  report  of  the  BIPM. 
JiLst  send  me  the  la.st  values  when  you  have  them,  and  I will  publish  them  in  the  annual  report; 
so  everyone  can  get  the  updates  after  the  fact,  and  that  s all. 
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A well  known  prediction  of  Einstein’s  general  theory  of  relativUy  states  that  two  ideal  clocks 
that  move  with  a relative  velocity,  and  are  submUted  to  different  gravitational  fields  will,  in  generl 
be  observed  to  run  at  different  rates.  Similarly  the  rate  of  a clock  wUh  respect  to  the  coordinate 
time  of  some  spacetime  reference  system  is  dependent  on  the  velocity  of  the  clock  in  that  reference 
system  anrf  on  the  gravitational  fields  it  is  submitted  to.  For  the  syntonization  of  clocks  and  the 
real  zation  of  coordinate  times  (like  TAI)  this  rate  shift  has  to  he  taken  into  account  at  an  accuracy 
evel  which  should  be  below  the  frequency  stabilUy  of  the  clocks  in  question,  i.e.  all  terms  that 

of  the  clocks  should  be  corrected  for.  We  present  a theory  for  the 
calculation  of  the  relativistic  rate  shift  for  clocks  in  the  vicinity  of  the  Earth,  including  all  terms 

wTlXs"  synchronization  (Petit  & 

Jn!  f ’ ’ ^ T “ theory  for  the  realization  of  coordinate  time 

scales  at  picosecond  synchronization  and  syntonization  accuracy,  which  should  be  sufficient 

to  accomodate  future  developments  in  time  transfer  and  clock  technology. 


1.  Introduction 

using  the  concept  of  syntonization  in  a relativistic  context  certain  ambiguities  might 
d “"'rr  I,  is  therefore  essemiai  to  ® 

framlork  “ »i'Wn  a relativistic 

Consider  first  the  case  where  the  relative  rate  of  two  distant  clocks  A and  B is  measured 
irectly  I.e.  the  fr^uencies  of  two  signals  coming  from  A and  B respectively  are  compared  by 
some  observer  0.  Taking  the  case  where  the  observer  is  in  the  immediate  vicinity  of  B and  at 
re.st  with  re.spect  to  B the  measured  relative  rate  is  predicted  as; 


(dr^/drs)  -0  = 1 + [(Ub  - lU)  - oV2]/c2  + 0{c~^) 


0) 


in  the  first  post— Newtonian 
clocks  as  observed  by  0,  U 


approximation  where  {dTAldTB)o  is  the  relative  rate  of  the  two 
IS  the  total  gravitational  potential  at  the  location  of  the  clock,  v is 
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relative  .paed  o,  .he  .wo  dock,  and  c is  .he  speed  oHjg  . - — J 

i _p,e.e,y  depen  en.  on  .h^^  ,H„  (,) 

Ts  indJplln.  of  any  reference  franre  or  coordinate  system.  It  is  a crmrdinate  .ndependent, 
measurable  quantity. 

For  the  realization  of  coordinate  time  scales  (like  TAI)  it  is  neeessaj 

mTec!  '"“Lm^time  oT:ome  s;:ee-;^m;^^rrce  fra^  Fy 'ITu /(iSl") 

aTeoce"<™  non-rotating  frame  with  TCG  as  coordinate  time  (as  dehned  by  the  lAU  /(1991)) 
we  obtain,  again  in  the  first  post-Newtonian  approximation; 

(iTA/drc-c  = 1 - [?  ’(w)  + 

u ( 7YY’  ffin  are  coordinates  in  the  geocentric  frame  with  w representing  the  triplet  wK 
where  {cI(X.,iv  ) are  coommaie  Earth’s  potential  and  tidal 

The  potential  at  the  position  of  the  ’ is  the  coordinate  speed  of 

po.en.ials  of  ex.ernal  bod.es,  and  " = ^ to.  .h”  ra.e  depends  en.irely  on  .he 

.he  clock  in  .he  geoce„.r,c  (,e  oLined  diredy  from 

m“s."cm^  m.,s.  be  ealenla.ed  .heore.ically  using  .he  deflni.ion  of  .he  reference  frame 
in  question  with  the  appropriate  metric  equation. 

rr  r r=i::i:' 

clocks  A and  B,  the  resulting  rate  predicted  by  theory  is  simply. 


(IT  A/ (IT  B = {dTAIdT(T;){dT(:Cldl'B){:i) 


(;i) 


Yh  Y /zY/Y  Y-  Piven  in  (2)  This  is  a combination  of  coordinate  dependent  quantities  and  not 
with  aT/dlC  Ct  given  t /•  , . . former  is  entirely  dependent 

iY/:Y:;:r.r::e.ions2.nd^,wewd.icond^^^ 

of  iA.1)  ^ ■ u r i-kf  inr-liirlinp  nil  terms  whosc  magnitudes  exceed 

b^rk'^Mirwh'? i:t.t:Ld  .o  reach  par.s  m ,o^  as  shown 
in  Figure  I (Maleki  1993). 

be^hown  canrcllculared  a.  higher  accuracies  .han  rarnsUrn.  frequency  sh.f.s.  They  arc 
discussed  briefly  in  section  5. 
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2.  Syntonization  with  respect  to  TCG 

Using  the  metric  given  in  resolution  A4  of  the  lAU  (1991)  the  relation  between  the  proper 
time  of  a clock  T and  TCG  can  be  expressed  a: 


dr/dTCa  - 1 - [f/(w)  + C(xe  + w)  - f/(xc)  - /2  + Qfc]/C’^  + 0{c~‘^)  (4) 

where  coordinates  in  the  barycentric  frame  are  represented  by  with  x denoting 

the  triplet  and  the  subscript  E referring  to  the  Earth’s  center  of  mass.  Ue{w)  and  f/(x) 
are  the  Newtonian  gravitational  potentials  of  the  Earth  and  of  external  masses  respectively, 
V = {{dw^ /dTCC){dxtf  ldTC(;))~. , the  coordinate  .speed  of  the  clock  in  the  geocentric,  non- 
rotating frame  and  Qk  is  the  correction  for  the  non-geodesic  barycentric  motion  of  the  Earth. 

We  find  that  in  the  vicinity  of  the  Earth  the  term  in  Q and  terms  of  order  f (given  explicitly 
in  Brumberg  & Kopejkin  1990  and  Kopejkin  1988)  amount  to  a few  parts  in  10"  or  le.ss.  This 
implies  that  the  specification  of  coordinate  conditions  (harmonic,  standard  post— Newtonian 
etc....)  and  the  state  of  rotation  of  the  frame  (kinematically  or  dynamically  non-rotating)  is 
not  significant  for  syntonization  at  the  10“ '8  accuracy  level. 

All  effects  that  need  to  be  taken  into  account  for  the  calculation  of  the  remaining  terms  are 
li-sted  in  tables  la  and  lb,  together  with  orders  of  magnitude  and  present  day  uncertainties  of 
the  associated  corrections. 


Syntonization  with  respect  to  TGG  of  Earth-bound  clocks  i.s  limited  at  the  10  accuracy  level 
by  uncertainties  in  the  determination  of  the  potential  of  the  Earth  at  the  location  of  the  clock. 
Hence  only  effects  whose  influence  on  (4)  is  larger  than  this  limit  are  considered  in  Table  la. 

The  gravitational  potential  of  the  Earth,  L’e{w)  can  be  expressed  as  a series  expansion  in 
spherical  harmonics.  However,  owing  to  ma.ss  irregularities  such  a series  must  be  considered 
divergent  at  the  surface  of  the  Earth  (Moritz  1961).  Nonetheless,  due  to  the  predominantly 
ellip.soidal  .shape  of  the  Earth,  one  can  use  the  first  two  terms  of  this  series  expansion  as  a first 
approximation  (Allan  & Ashby  1986,  CCIR  1990,  Klioner  1992).  Thus: 

^ 4i(w)  = ^2(1  - 4ros^ 

where  G is  the  Newtonian  gravitational  constant.  Me  is  the  mass  of  the  Earth,  oj,  and 
(•^2  = 1.0826  X 10  '^)  are  the  equatorial  radius  and  the  quadrupole  moment  coefficient  of  the 
Earth  respectively  and  9 is  the  geocentric  colatitude  of  the  point  of  interest. 

Substituting  (5)  into  the  second  term  of  (4)  gives  terms  of  the  order  of  7 x 10~'*^  and  8 x 10“'^ 
respectively  for  points  on  the  surface  of  the  Earth. 

The  surface  obtained  when  setting  f 4;(w)  4- (wtesin  61)2  ^ ^ representing  the 

angular  velocity  of  rotation  of  the  Earth  and  IV))  the  gravitational  + centrifugal  potential  on 
the  geoid,  differs  from  the  ellipsoid  of  the  Earth  model  by  less  than  10  m.  Hence  an  estimate 
of  the  accuracy  of  (5)  can  be  obtained  by  considering  the  maximal  difference  between  the 
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geoid  and  the  reference  ellipsoid  which  can  amount  to  « 100  m (Vanicek  & Krakiwsky  1986). 
Therefore  expression  (5)  for  the  Earth’s  gravitational  potential  should  not  be  used  if  accuracies 
better  than  one  part  in  10''‘  are  required. 

On  the  coast  the  mean  .sea  level  can  be  determined  using  a tidal  gauge.  This  level  differs 
from  the  geoid  by  what  is  known  as  Sea  Surface  Topology  (SST)  which  can  amount  to  ±0.7 
m (Torge  1989).  The  SST  can  be  determined  with  an  accuracy  of  0.1  m (Torge  1989)  using 
oceanographic  methods  and  satellite  altimetry  which  induces  an  uncertainty  of  1 x 10  in 
(4).  The  uncertainty  in  the  knowledge  of  the  potential  on  the  geoid  Wq,  which  is  of  the 
order  of  ±\m^/s‘^  (Bursa  1992,  1993),  contributes  another  part  in  lO'^  The  pavitational  and 
centrifugal  potential  difference  between  mean  sea  level  and  an  arbitrary  point  far  from  the 
coast  can  be  obtained  by  geometrical  leveling  with  simultaneous  gravimetric  measurements. 
The  accumulated  uncertainty  when  using  modern  leveling  techniques  and  gravimetry  is  below 
0.5  mm/v^  (Kasser  1989)  and  does  therefore  not  exceed  a few  centimeters  even  over  large 
distances  In  many  countries  leveling  networks  have  been  established  at  accuracies  of  1-2 
mm/\/^  for  primary  points,  the  use  of  which  would  again  induce  errors  at  the  centimetric 

level. 

Therefore  the  constant  part  of  the  total  potential  at  any  point  on  the  Earth’s  surface  can  be 
determined  with  an  accuracy  better  than  2.5  using  a tidal  gauge  and  good  geometrical 

leveling.  The  main  contributions  to  this  uncertainty  are  due  to  inaccuracies  in  the  determination 
of  W and  the  SST.  This  limits  the  calculation  of  the  second  term  in  (4)  at  the  level  of 
2 — w ;{  X which  is  the  limit  for  syntonization  of  clocks  with  respect  to  coordinate  time 

(TCG  or  TT)  on  the  surface  of  the  Earth. 

Uncertainties  in  the  potential  model  GEM-T3  (Lerch  et  al.  1992)  and  the  determination  of 
the  satellite  orbit  (5  cm  seems  a realistic  value)  limit  the  accuracy  of  syntonization  of  satellite 
clocks  at  a few  parts  in  lO'®  for  low  altitudes  (semimajor  axis  < 15000  km).  For  higher  altitudes 
the  effect  of  these  uncertainties  is  below  the  10“ level. 

Therefore  all  terms  necessary  for  the  syntonization  with  respect  to  TCG  of  clocks  on  board 
high  altitude  satellites  (a  > 15000  km)  can  be  calculated  to  accuracies  better  than  one  part  in 

lo"'^. 


3.  Transformation  to  TT 

TCG  is  related  to  TT  by  a relativistic  transformations,  hence  any  clock  that  is  syntonized 
with  respect  to  TCG  can  also  be  syntonized  with  respect  to  TT.  In  this  case  the  accuracy 
of  syntonization  may  be  limited  by  the  uncertainty  in  the  determination  of  the  parameters 
participating  in  the  transformation. 

The  lAU  defined  TT  as  a geocentric  coordinate  time  scale  differing  from  TCG  by  a constant 
rate,  the  scale  unit  of  TT  being  cho.sen  so  that  it  agrees  with  the  SI  second  on  the  geoid  (lAU 
1991).  TT  is  an  ideal  form  of  the  International  Atomic  Time  TAI,  apart  from  a constant  offset. 
It  can  be  obtained  from  TCG  via  the  transformation: 
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dTT/dTCa  = \-Lg  (6) 

with  Lg  = Wq/c^  = 6.969290:i  x 10^^  ± 1 x 

It  follows  that  at  present  the  accuracy  of  syntonization  with  respect  to  TT  is  limited  at  the 
f0“'^  level  due  to  uncertainties  in  the  determination  of  the  potential  on  the  geoid  Wq,  even 
for  clocks  on  board  terrestrial  satellites. 

This  limit  is  inherent  to  the  definition  of  TT  and  can  therefore  only  be  improved  by  a reduction 
of  the  uncertainty  in  the  determination  of  Wq.  If  highly  stable  clocks  on  board  terrestrial 
satellites  are  to  be  used  for  the  realization  of  TT  at  accuracies  exceeding  this  limit  it  might 
prove  necessary  to  change  the  definition.  One  possibility  would  be  to  turn  Lg  into  a defining 
constant  with  a fixed  value,  which  would  at  the  same  time  provide  a relativistic  definition  of 
the  geoid  (Bjerhammar  1985,  SofiFel  et  al.  1988). 


4.  Time  varying  effects 


For  several  applications  of  highly  stable  clocks,  one  is  interested  in  the  stability  of  the  relative 
rate  between  two  clocks,  and  therefore  only  time  varying  effects  need  to  be  considered,  which 
can  be  calculated  at  the  10“'^  accuracy  level  even  for  clocks  on  the  surface  of  the  Earth.  Table 
II  gives  a summary  of  all  such  effects  e.stimated  to  exceed  the  10“*^  limit. 

Volcanic,  coseismic,  geodynamic  and  man-made  (e.g.  exploitation  of  oil,  gas,  geothermal  fields) 
effects  are  highly  localized  and  only  need  to  be  taken  into  account  at  some  particular  locations. 

Polar  motion  and  tidal  effects  are  of  periodic  nature  with  essentially  diurnal  and  semi-diurnal 
tidal  periods,  and  the  Chandler  period  (430  days)  for  the  movement  of  the  pole.  If  the  clocks 
in  question  are  syntonized  using  repeated  time  transfers  (see  (3))  at  picosecond  accuracy,  tidal 
terms  can  be  neglected  as  their  short  periods  prevent  their  amplitudes  in  the  time  domain  from 
reaching  one  picosecond  (Klioner  1992). 

For  atmospheric  pressure  variations  of  ± 10  mbar  on  a global  scale  (corresponding  to  seasonal 
changes),  the  effect  on  the  rate  of  a clock  on  the  Earth’s  surface  can  reach  ± 2 parts  in  lO'^ 
with  local  pressure  changes  ((anti)cyclones  with  pressure  variations  of  up  to  ± 60  mbar)  giving 
rise  to  a correction  of  up  to  ±2.7  x 10“'*^  (Rabbel  and  Zschau  1985). 

5.  Conclusion 

We  have  presented  a theory  for  the  syntonization  of  clocks  with  respect  to  Geocentric  Coordinate 
Time  (TCG)  including  all  terms  greater  than  10“‘®  for  clocks  on  board  satellites  at  altitudes 
exceeding  15000  km.  For  this  purpose  terms  of  order  and  r"'*  in  the  metric  can  be 
neglected,  which  implies  that  the  specification  of  coordinate  conditions  and  the  state  of  rotation 
of  the  reference  system  is  not  necessary. 

Syntonization  with  respect  to  Terre.stial  Time  (TT),  an  ideal  form  of  TAI,  is  limited  at  the  10~’^ 
accuracy  level  due  to  the  uncertainty  in  the  determination  of  the  potential  on  the  geoid  Wq 
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inherent  to  its  definition. 

For  clocks  on  the  Earth’s  surface  syntonization  with  respect  to  TCG  or  TT  is  limited  at  an 
accuracy  of  2 — * .'i  x 10"'^  by  uncertainties  in  the  determination  of  the  geopotential  at  the 

location  of  the  clock. 

We  briefly  discu.ssed  time  varying  effects  that  may  influence  the  stability  of  the  relative  rate  of 
two  clocks.  These  can  be  calculated  at  the  10“’^  accuracy  level  even  for  clocks  on  the  Earth’s 

surface. 

At  present  atomic  clocks  are  approaching  stabilities  of  the  order  10"’^  (Maleki  1993)  with 
further  improvements  expected  in  the  near  future.  For  comparisons  of  these  highly  stable 
clocks  over  large  distances,  and  their  application  in  experimental  relativity,  geodesy,  geophysics 
etc. . . a sufficiently  accurate  relativistic  theory  for  their  syntonization,  like  the  one  presented  in 
this  paper,  seems  indispensable. 

Together  with  a previous  paper  (Petit  & Wolf  1994)  the  results  obtained  here  amount  to 
a complete  relativistic  theory  for  the  realization  of  a geocentric  coordinate  time  scale  at  a 
synchronization  and  syntonization  accuracy  of  one  picosecond  and  10  ' respectively. 
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Effect 


Order  of  magnitude 


Uncertainty 


Earth’s  grav.  pot. 

Centrifugal  pot.(u^/2/c'^) 
Volcanic  and  coseismic 
(highly  localised) 

External  masses  (moon,  sun) 
Solid  Earth  tides 
Ocean  tides 


7x1 

10** 

1x10'* 

< 10'® 

< 10'® 

10-'* 

< 10'® 

10'* 

< 10'® 

10'* 

< 10'® 

Table  la:  Effects  on  syntonizatUm  with  respect  to  TCG  of  clocks  on  the  Earth’s  surface; 
Orders  of  magnitude  and  uncertainties  of  the  corrections. 


Effect 

Order 

of  magnitude 

Uncertainty 

Earth’s  grav.  pot. 

< 6xl0"* 

few  10  '*  (GEM-T3) 

< 10  '*  at  a>  10000  km 

few  10  **  (5  cm  orbit 
uncertainty) 

< 10  '®  at  a>  15000  km 

2nd  order  Doppler  (u*/2/c*) 

< 3x10'^® 

< 10  '*  at  a>  15000  km 

External  masses: 

Moon 

4x10'®  ^ 

(at  a = 300000  km) 
Solid  Earth  tides 

Sun 

Venus 

'A 

4x10'^  y 

6x10*®  J 

<10** 

Ocean  tides 
Polar  motion 

) 

10'® 

(at  low  altitudes) 

< 10  '* 

Atmospheric  pressure 


Table  lb:  Effects  on  syntonization  with  respect  to  TCG  of  clocks  on  board  terrestial  satellites; 
Orders  of  magnitude  and  uncertainties  of  the  corrections. 
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Effect 


Order  of  magnitude 


Uncertainty 


Volcanic  and  coseismic  < 

(highly  localised) 

Geodynamic  and  man-made  < 10 

(localised  and  long-term  > 1 year) 

External  masses  (moon,  sun)  10'*^ 

Solid  Earth  tides 

Ocean  tides  10 

Polar  motion  10'^® 

(long-term  - 430  days) 

Atmospheric  pressure  10'*® 


Table  II:  Time  varying  effects  on  the  Earth!  s surface  for  the  determination  of  the 
rate  of  two  clocks;  Orders  of  magnitude  and  uncertainties  of  the  corrections. 


1 10  10^  10^  lo"*  10^  10^ 

T (seconds) 


Fi&.  1:  Present  ami  expected  clock  statnliUes  (from  Maleki  (1993)). 


10‘® 

10’« 

10'« 

10‘* 

10'« 

relative 
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QUESTIONS  AND  ANSWERS 

RICHARD  KEATING  (USNO):  I just  have  a comment.  I don’t  think  that  the  kind  of 
you  j,,s.  made  is  par.tadarly  useful.  . .hink  ifs  rather  nrisleading.  And  1 wouW 
like  to  say  that  because  about  seven  years  ago,  I fired  up  an  old  penduUim  clock  at  the  reques 
of  a retired  General  Electric  engineer.  And  if  I had  thought  along  the  lines  that  you  ve  jus 
presented,  I would  not  have  expected  to  see  any  effects  from,  say  a lunar  potential.  In  fact 
!he  pendulum  clock  is  highly  sensitive.  I could  actually  tell  where  the  moon  was,  simply  by 
effect  on  the  pendulum  clock. 

These  are  not  relativistic  effects,  true.  But  they  are  far  more  dramatic,  much  larger  ^ey 
dominate  the  whole  phenomena.  So,  just  to  concentrate  solely  on  relativistic  effects  may  , 

I think  highly  misleading.  So,  to  talk  about  10-'^  which  is  a tenth  of  ps  per  day  when 
you  actually  in  reality  might  have  gravitational  potential 

Lilly  think  you’ve  got  bigger  problems  to  worry  about.  And  I think  that  this  kind  of  paper 
misleading. 

PETER  WOLF  (BIPM):  Okay,  that’s  your  opinion.  Fine. 

RJ  DOUGLAS  (NATIONAL  RESEARCH  COUNCIL  OF  CANADA):  I would  like 
to  come  to  Peter’s  defense  and  say  this  is  one  of  the  most  useful  kinds  of  things,  because  it 
tells  where  the  limits  are.  It  makes  no  sense  to  be  thinking  about  designing  optica 
standards  that  are  going  to  be  useful  for  time  keeping,  that  are  alleged  to  be  possibly  stab  e 
parts  in  10^«.  Thin^  that  tell  you  where  to  stop  the  development  are  very  useful  for  systems 

designers. 

CERNOT  M WINKLER  (USNO):  I would  raise  the  question  about  the  semanbes.  You 
are  using  “syntonization,”  I believe,  in  the  sense  of  the  ability  to  absolutely  calculate  frequency 
differences.  Because,  you  can  always  syntonize  two  standards  to  each  other  to  see  their  signa  . . 
But  you  cannot  compute  the  actual  frequency  difference  on  an  absolute  basis. 

So,  1 think  there  is  maybe  a need  to  refine  our  semantics  a little  bit. 

PETER  WOLF  (BIPM):  I completely  agree,  yes.  There  is  a big  semantic  problem  concerning 
the  word  “syntonization.”  I have  tried  to  consistently  use  it  in  two  senses,  “syntonization  of 
two  clocks,  one  relative  to  another;  ".syntonization”  with  respect  to  coordinate  time,  which 

an  entirely  different  thing. 

There  might  also  be  several  other  problems.  I do  think  there’s  a semantic  problem  there,  but 
that’s  only  to  be  solved  in  time  with  people  getting  used  to  the  different  things  going  on. 

HENRY  FLIEGEL  (AEROSPACE  CORP.):  I want  to  make  one  brief  comment.  I found 
your  paper  very  useful  and  interesting.  As  far  as  terminology  is  concerned,  I have  one  brief 
(almost  Geological)  nit,  and  that  is  that  I suppose  the  way  to  describe  the  gravitational  series, 
the  harmonic  expansion,  is  as  very  slowly  convergent,  rather  than  divergent. 

PETER  WOLF  (BIPM):  On  the  surface  of  the  earth? 

HENRY  FLIEGEL  (AEROSPACE  CORP.):  I believe  so,  because  if  it  were  divergent,  that 
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would  mean  that  we  ran  eventually  into  a white  noise  regime. 

PETER  WOLF  (BIPM):  I have  a paper  which  I can  show  you,  which  dates  back  to  1960, 
which  does  theoretically  prove  to  show  that  you  cannot  be  certain  that  on  any  point  on  the 
surface  of  the  earth  this  vertical  harmonic  expansion  will  be  convergent. 

HENRY  FLIEGEL  (AEROSPACE  CORP.):  In  that  case,  you  have  refuted  all  your  critics. 
I would  like  to  see  your  paper. 

PETER  WOLF  (BIPM):  Tm  afraid  it’s  in  German,  Doctor. 

HENRY  FLIEGEL  (AEROSPACE  CORR):  Well,  I read  German,  no  problem. 
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Abstract 

Allan  Deviation  computations  of  linear  frequency  synthesizer  systems  have  been  reported  pre- 
viously using  real-time  simulations.  Even  though  it  takes  less  time  compared  with  the  actual 
measurement,  it  is  still  very  time  consuming  to  compute  the  Allan  Deviation  for  long  sample  times 
with  the  desired  confidence  level.  Also  noises,  such  as  flicker  phase  noise  and  flicker  frequency 
noise,  can  not  be  simulated  precisely.  The  use  of  frequency  domain  techniques  can  overcome  these 
drawbacks.  In  this  paper  the  system  error  model  of  a fictitious  linear  frequency  synthesizer  is 
developed  and  its  performance  using  a Cesium  (Cs)  atomic  frequency  standard  (AFS)  as  a reference 
is  evaluated  using  frequency  domain  techniques.  For  a linear  timing  system,  the  power  spectral 
density  at  the  system  output  can  be  computed  with  known  system  transfer  functions  and  known 
power  spectral  densities  from  the  input  noise  sources.  The  resulting  power  spectral  density  can  then 
be  used  to  compute  the  Allan  Variance  at  the  system  output.  Sensitivities  of  the  Allan  Variance  at 
the  system  output  to  each  of  its  independent  input  noises  are  obtained,  and  they  are  valuable  for 
design  trade-off  and  trouble-shooting. 


1.  Introduction 

A fictitious  linear  frequency  synthesizer  is  used  in  this  analysis.  The  system  generates  a system 
output  frequency  from  a reference  Cs  Atomic  Frequency  Standard  (AFS)  operating  at  a different 
frequency.  The  system  block  diagram  is  shown  in  Figure  1.  A reference  epoch  is  generated 
every  1.5  s based  on  the  AFS  frequency  and  another  1.5  s interval  system  epoch  is  generated 
by  the  system  clock,  a voltage  control  crystal  oscillator  (VCXO).  Both  epochs  are  input  to  the 
Phase  Meter  (PM),  and  the  PM  computes  the  timing  error  between  them.  Based  on  the  timing 
error  value,  the  loop  adjusts  the  phase  of  the  VCXO-generated  epoch,  so  that  the  VCXO  is 
phase-locked  to  the  reference  AFS. 

In  this  paper  the  system  error  model  of  the  linear  frequency  synthesizer  is  developed  and  the 
performance  at  the  system  output  is  evaluated  using  frequency  domain  techniques.  For  a linear 
system,  the  power  spectral  density  at  the  system  output  can  be  computed  using  known  system 
transfer  functions  and  known  power  spectral  densities  from  the  three  independent  noise  sources: 
AFS,  VCXO  and  PM.  The  resulting  power  spectral  density  can  then  be  used  to  compute  the 
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Allan  Variance  at  the  system  output.  Compared  with  time  domain  techniques,  the  use  of 
frequency  domain  technique  offers  several  benefits  such  as;  (1)  it  provides  another  independent 
evaluation  of  the  system  performance,  (2)  flicker  noise  can  be  implemented  precisely,  (3) 
computation  time  for  the  Allan  Variance  of  a given  .sample  time  (r)  is  very  short  and  is  roughly 
the  same  for  either  short  or  long  sample  time  (r).  The  last  two  items  are  major  drawbacks  for 
the  real-time/Monte  Carlo  simulations.  Sensitivities  of  the  output  Allan  Deviation  to  each  of 
its  input  noises  are  provided,  and  they  are  valuable  for  de.sign  trade-off  and  trouble-shooting. 


2.  Noise  Models 

2.1  Phase  Meter  Noise 

The  PM  noise  with  resolution  of  100  ps  is  modeled  as  a white  process  with  a constant  power 
spectral  density  for  all  frequencies 


^pif)  = 


(1  X 10-'“)'^ 
6 


And  the  Allan  Variance  of  the  PM  noise  isf'l; 


(T 


2 

P 


(^) 


(1  X 10’‘^)2 

6r^ 


(1) 


(-2) 


2.2  AFS  Noise 

The  Allan  Variances  for  the  AFS  is  specified  as: 


9.0  X 10 


-22 


+ 1.0  X 10  -“ 


(2) 


This  is  consistent  with  that  of  the  commercially  available  HP  5071  Cs  AFS. 

We  a.ssume  that  the  two  terms  are  independent  of  each  other.  Thus  we  can  compute  the 
associated  noise  power  spectral  densities  using  well  known  techniquesfO; 


SaU)  = 1-8  X 10-'^' 


+ 


7.21 .34  X 10-27 

7 


(4) 


2.3  VCXO 

The  VCXO  frequency  noise  is  assumed  to  have  the  following  Allan  Variance: 

fr2(r)  = 10-24  + 10-27,-  . (5) 
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Similarly,  we  assume  that  the  two  terms  of  equation  (5)  are  independent  of  each  other.  As 
above,  the  power  spectral  density  of  the  VCXO  frequency  noise  can  expressed  asf*I: 


Sy{f)  = 


X ^ 1.519  X 10-^*^ 

m p 


(6) 


3.  System  Transfer  Functions 

The  sy.stem  model  as  shown  in  Figure  1 results  in  the  equivalent  system  error  model  indicated 
in  Fig.  2 obtained  using  the  Z-tran.sform  formalism.  is  the  .sample  period  of  the  system, 
and  is  1.5  s.  Also  two  delays  of  one  epoch  each  are  introduced  in  Figure  2 to  account  for  the 
fact  that  the  effects  of  the  cx)mputed  VCXO  frequency  modification  in  the  current  epoch  will 
not  show  on  the  Phase  Meter  until  two  epochs  later.  The  transfer  functions  relating  the  system 
output  frequency  (T)  to  the  input  noises  of  the  AFS(A),  VCXO(V)  and  Phase  Meter  (P)  are: 


SYSTEMOUTFirr 

= IlrpiZ)^ 

r(z) 

(7) 

PM 

P{Z) 

SYSTEMOIJTPIJT 

= Hta{Z)  = 

T{Z) 

(8) 

AFS 

A{Z) 

SYSTEMOimniT 

= Htv{Z)  = 

T{Z) 

(9) 

Vf^XO 

V(Z) 

The  Bode  Plots  (frequency  responses)  for  these  second  order  tran-sfer  functions  with  a time 
constant  of  50  s are  shown  in  Figure  3.  It  is  seen  that  H7va(Z)  is  a lowpass  filter,  H'/\'(Z)  is  a 
highpass  filter,  and  Ht’p(Z)  is  a low  gain  highpass  filter  to  reduce  the  PM  quantization  noi.se. 


4.  Power  Spectral  Density  of  the  System  Output  Frequency 

The  power  spectral  density  of  the  system  output  (ST(f))  can  be  computed  asl^l; 


Sr  if)  = StaU)  + Srvif)  + SMf) 


(10) 


where: 


Sta{I)  = ‘ X SaH),  due.  to  the  AFS  noise  (11) 

Srvif)  = X S\'if),  due  to  the  V(.'XO  noise  (12) 


and 
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StfU)  = X Sp{f),  due  to  the  PM  noise.  (13) 

The  power  spectral  densities  for  the  noises  (5^(/),  Sv{f)  and  Sp{f))  and  their  contributions 
to  the  system  frequency  output  (SpAiDj  Srv{f)  and  Srpif))  were  calculated  using  equations 
(1),  (4),  (6),  (11),  (12)  and  (13),  and  are  shown  in  Figure  4.  As  can  be  seen  the  system  output 
power  spectral  densities  are  shaped  by  their  corresponding  transfer  functions.  Even  though  the 
power  spectral  densities  of  the  PM  (Sp{f))  and  the  VCXO  (Sv(/))  are  large  when  compared 
with  that  of  the  AFS,  their  contributions  to  the  system  output  (5rp(/)  and  Stv{J))  have  been 
greatly  reduced  by  their  corresponding  transfer  functions  (//rp(j27r/Ts)  and  Hpv  JT^)) 
e.specially  at  low  frequency.  Similarly,  contributions  from  the  AFS  {Sta)  afso  suppressed 
considerably  for  high  frequencies. 


5.  Allan  Deviation  of  the  System  Output  Frequency 

The  temporal  behavior  of  the  timing  or  frequency  system  is  normally  characterized  by  the  Allan 
Deviation  or  square  root  of  the  Allan  Variance,  Oy(r),  where  t is  the  frequency  sample  time. 
The  Allan  Variance  is  related  to  the  power  spectral  density  by  [1] 


Sy{f)AD{fr)df 


where: 


(14) 


Ao{Fr)  = 


sin'^(7T /t) 

(7T/r)2 


(15) 


and  /„  is  the  Nyquist  frequency  of  the  system  and  is  equal  to  1/3  Hz  for  a sampling  period 
(T,)  of  1.5  s. 


5.1  Computation  Consideration 

In  many  cases  integration  of  the  equation  (14)  can  not  be  carried  out  analytically,  so  it  must  be 
done  by  computer  using  numerical  integration.  It  is  important  to  choose  a proper  integration 
step  size  to  achieve  the  desired  accuracy  in  the  computation. 

The  magnitude  of  the  oscillatory  window  function  (Aoif))  as  given  in  equation  (15)  is  inversely 
proportional  to  the  square  of  f for  a given  r,  and  is  plotted  in  Figure  5 for  r — 100  s and 
T=1000  s.  As  can  be  seen,  its  magnitude  decreases  rapidly  after  a few  periods  and  its  bandwidth 
decreases  as  t increases.  Figure  5 shows  that  the  bandwidth  is  roughly  10  Hz  for  r = 1000  s. 
and  10~’^  Hz  for  r=100  s.  The  portion  of  the  power  spectral  density  of  the  system  noise  outside 
the  bandwidth  of  the  window  function  has  negligible  effect  of  its  Allan  deviation  computed  by 
using  equation  (14). 
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Given  the  limitations  in  available  computer  memory  it  was  found  by  trial  and  error  that  to 
provide  adequate  numerical  accuracy,  integration  of  the  equation  (14)  can  be  carried  out  by 
using  20  integration  steps,  either  for  the  first  50  periods  of  the  window  function  or  up  to  the 
Nyquist  frequency,  whichever  is  smaller.  This  technique  is  valid  for  sample  times  of  up  to 
100,000  s provided  that  the  power  spectral  density  function,  Sy{f),  does  not  contain  any  white 
phase  modulation  noise  component,  whose  frequency  power  spectral  density  is  proportional  to 
Fortunately  this  condition  is  met  by  the  frequency  power  spectral  density  at  the  .system 
output.  For  white  phase  modulation  noise  such  as  the  PM  noise,  the  upper  limit  of  the 
numerical  integration  has  to  be  set  at  the  Nyquist  frequency.  For  larger  sample  times,  r > 
100,000  s,  a smaller  integration  step  size  is  needed.  The  average  time  to  compute  the  Allan 
Deviation  for  a given  |fau  is  less  than  15  s u-sing  a PC  with  Intel  486  DX2/50  CPU. 

To  show  that  this  numerical  integration  technique  is  accurate  enough  the  Allan  Deviations  of 
the  two  noise  sources  (AFS  and  VCXO)  are  computed  from  their  corresponding  power  spectral 
densities  u-sing  equation  (14)  and  are  shown  in  Figure  6.  Figure  6 also  shows  the  corresponding 
specified  Allan  Deviations,  from  which  the  power  .spectral  densities  were  derived,  as  discussed 
in  section  2.  As  can  be  expected,  the  computations  are  in  very  good  agreement  with  the 
re.spective  specifications.  The  Allan  Deviation  of  the  PM  noise  is  also  depicted.  Figure  6 shows 
that  the  PM  Allan  Deviation  is  predominant  for  sample  times  up  to  30  s and  that  of  the  VCXO 
noise  predominates  for  longer  time. 

5.2  System  Allan  Deviation 

The  contribution  to  the  Allan  Deviations  at  the  system  output  (<tt.4(t),  and  aTvir)) 

due  to  each  of  the  independent  input  noises  are  computed  using  equation  (14)  with  their  power 
spectral  densities  at  the  system  output  Srpif),  and  Srv(/))-  The  results  are  shown 

in  Figure  7 and  they  can  be  considered  as  the  sensitivities  of  the  .system  output  for  each  of  the 
input  noises.  This  technique  can  be  used  very  effectively  during  the  design,  development  and 
testing  phase  of  the  system  to  determine  the  loop  time-constant,  to  define  noise  specifications 
and  to  provide  data  for  trouble-shooting.  It  will  be  used  below  to  identify  the  causes  of  .some 
exceeding  reference  AFS  specification  conditions.  It  is  apparent  from  Figure  8 that  for  short 
sample  time  the  system  performance  is  dominated  by  the  PM,  while  for  long  sample  time  the 
system  performance  is  governed  by  the  AFS.  The  cros.sover  sample  time  is  around  20  s.  The 
Allan  Variance  of  the  resulting  system  output  can  be  obtained  as: 


+ <T|-y(T)  + (t|'p(t).  (Ifi) 

The  Allan  Deviations  of  the  .system  output  (<T7  (r))  and  the  reference  AFS  specification  are 
plotted  in  Figures  8.  Figure  8 shows  that  the  Allan  Deviation  of  the  system  output  barely 
exceeds  the  reference  AFS  specification  for  sample  time  from  70  s to  1000  s.  By  examining 
the  system  sensitivities  as  provided  in  Figure  7,  it  is  found  that  this  condition  is  caused  by  the 
AFS  noise. 
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6.  System  Performance  Using  Other  System  Configurations 


In  the  previous  sections  we  only  use  Tc  = 50  s,  Allan  Deviation  results  using  other  time 
constants  can  be  obtained  easily.  The  result  for  a time  constants  of  15  s is  shown  in  Figures  9. 
Figure  9 indicates  that  the  system  exceeds  the  reference  AFS  Allan  Deviation  specification  for 
r 1000  s.  The  cause  can  be  determined  by  examining  the  sensitivities  as  shown  in  Figure  10, 
and  is  identified  to  be  the  PM  noise,  which  is  the  dominant  noise  contribution  for  short  r;  its 
effect  at  the  system  output  is  not  suppressed  enough  for  the  system  with  a short  time  constant. 
To  reduce  the  effect  due  to  the  PM  for  short  sample  time,  a better  PM  with  resolution  of  20 
ps  was  used  and  the  result  is  shown  in  Figure  11.  As  can  be  seen  the  Allan  Deviation  at  the 
system  output  is  less  than  that  of  the  reference  AFS  for  short  sample  time. 


7.  Conclusion 

An  efficient  method  of  computing  the  Allan  Deviation  at  the  output  of  a linear  system  with 
known  input  power  spectral  densities  is  presented.  Since  the  computation  time  is  not  a function 
of  the  sample  time  (/au),  this  technique  is  very  attractive  to  compute  Allan  Deviations  for 
long  sample  times.  Sensitivities  of  the  Allan  Deviation  at  the  system  output  for  each  of  its 
independent  input  noises  are  also  provided  and  they  are  valuable  for  design  trade-off  and 
trouble-shooting.  Potential  situations  in  which  the  system  could  exceed  the  reference  AFS 
specification  are  pointed  out,  and  causes  are  identified. 
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Figure  1.  Linear  Frequency  Synthesizer 


Figure  2.  System  Error  Model 
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Abstract 

SVTV  9 was  a GPS  Block  I research  and  development  satellite.  When  it  was  launched  in  June  of 
1984,  questions  regarding  the  future  performance  of  atomic  frequency  standards  in  orbit  remained 
to  be  answered.  In  March  of  1994,  after  performing  for  twice  its  designed  life  span,  SVN  9 was 
deactivated  as  a member  of  the  operational  GPS  satellite  constellation.  During  the  next  two  months, 
US  Air  Force  and  Rockwell  personnel  performed  various  tests  to  determine  just  how  well  the  atomic 
frequency  standards  had  withstood  ten  years  in  the  space  environment. 

The  results  of  these  tests  are  encouraging.  With  a full  constellation  of  Block  IllIIA  satellites 
on  orbit,  as  well  as  the  anticipated  launch  of  the  Block  UR  satellites,  results  from  the  end  of  life 
testing  will  be  helpful  in  assuring  the  continued  success  of  the  GPS  program. 


INTRODUCTION 

When  the  opportunity  to  perform  end  of  life  testing  on  SVN  9’s  navigation  payload  arose,  the 
limited  amount  of  time  available  to  perform  these  tests  was  a major  constraint.  Since  the  length 
of  time  devoted  to  navigation  payload  testing  was  limited  by  the  amount  of  power  available 
from  the  solar  arrays,  the  onset  of  earth  eclipse  season  presented  an  absolute  boundary  that 
could  not  be  re-negotiated.  Balancing  the  expected  life  span  of  the  spacecraft  with  the  amount 
of  time  required  to  test  other,  non-payload  components  meant  that  most  navigation  payload 
components  would  be  excluded  from  the  test. 

Most  of  the  navigation  payload  components  aboard  GPS  .satellites  were  extensively  redesigned 
during  the  interim  between  experimental  Block  I production  and  the  manufacture  of  the 
operational  Block  II/IIA  design.  The  sole  exception  is  the  rubidium  frequency  standard 
manufactured  by  Rockwell.  This  made  the  decision  to  limit  the  testing  to  the  rubidium  frequency 
standards  an  easy  one.  The  following  te.sts  were  approved  and  carried  out  by  personnel  working 
from  the  GPS  Ma.ster  Control  Station  (MCS): 

Test  #1;  Rubidium  frequency  .standards  are  heavily  temperature  dependent.  Program  specifi- 
cations limit  their  temperature  dependence  to  frequency  changes  of  20  parts  in  10^^  for  every 
degree  Celsius.  By  comparison,  the  FTS  cesium  frequency  standards  currently  used  on  most 
operational  GPS  satellites  must  have  a temperature  coefficient  less  than  1 part  in  10'^  per 
°C.  By  measuring  the  temperature  coefficient  of  the  current  clock  and  comparing  it  to  the 
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coefficient  obtained  during  the  pre-launch  check-out  process,  we  can  estimate  the  ^l^j-cts  of 
prolonged  exposure  to  the  space  environment  on  the  thermal  properties  of  the  GPS  rubidium 

frequency  standard. 

Test  #1-  The  nominal  configuration  of  a GPS  frequency  standard  involves  locking  the  voltage 
controlled,  quartz  crystal  oscillator  (VCXO)  to  the  stabilizing  effects  of  the  atomic  physics 
package  feedback  loop.  In  the  event  that  the  atomic  physics  package  becomes  unusable,  it  may 
be  necessary  to  use  the  VCXO  in  an  open-loop  configuration.  The  purpose  of  this  test  was  to 
determine  the  operational  feasibility  of  this  plan. 

Test  #3:  Due  to  the  low  reliability  of  atomic  frequency  standards,  each  GPS  satellite  carries 
four  atomic  clocks  into  orbit.  When  an  operational  clock  fails,  one  of  the  standby  clocks  is 
powered  up  and  brought  on-line.  SVN  9 was  launched  in  June  of  1984.  The  first  clock  (a 
cesium  frequency  .standard  manufactured  by  FTS)  lasted  an  impressive  nine  years.  In  October 
1993,  the  GPS  control  segment  turned  off  the  cesium  clock  and  powered  up  the  first  of  the  three 
stand-bv  rubidium  clocks.  Test  #3  was  designed  to  initialize  the  two  spare  rubidium  frequency 
standards  after  ten  years  of  on-orbit  cold  storage.  As  part  of  this  test,  the  two  rubidium 
clocks  were  powered  up  separately  and  initialized  according  to  standard  Master  Control  Station 

procedures. 

Test  #4-  The  MCS  can  alter  a rubidium  frequency  standard’s  output  frequency  by  commanding 
the  “C-field”.  This  alters  the  magnitude  of  a uniform  magnetic  field  surrounding  the  physics 
package  This  ability  to  fine  tune  the  frequency  standard  allows  the  MCS  to  adjust  the  10.23 
MHz  output  frequency  as  the  clock  ages  and  assumes  new  characteristics.  When  operating 
in  the  “open  loop”  mode,  the  current  through  the  voltage  controlled,  quartz  crystal  oscillator 
(VCXO)  can  be  commanded  from  MCS.  Te.st  #4  was  de.signed  to  determined  the  e.\tcnt  to 
which  the  C-field  and  VCXO  tuning  ranges  degraded  with  age. 


NAVIGATION  PAYLOAD  TEST  #1:  Temperature  Coefficient 


The  Active  Baseplate  Temperature  Control  Unit  (ABTCU)  maintains  a stable  thermal  environ- 
ment for  the  rubidium  frequency  standard.  The  MCS  has  the  capability  of  choosing  from  four 
seperate  settings:  “A”  (26.8  C),  “B”  (29.9  C),  “C”  (33.4  C),  or  “D”  (37.5  C).  At  the  operatmna 
setting  of  “D”  the  ABTCU  should  heat  up  to  a temperature  of  37.5  ±1.5‘’C.  Once  the  ABIC  U 
has  stabilized,  the  temperature  should  not  vary  by  more  than  ±0.1  C. 


For  Test  #1,  the  ABTCU  was  reset  to  setting  “C”  (33.4  C).  Once  the  frequency  standard  had 
stabilized  at  this  lower  temperature,  the  Kalman  Filter  was  able  to  estimate  the  new  frequency. 
The  magnitude  of  the  resulting  frequency  change  yielded  the  temperature  coefficient. 

After  reseting  the  ABTCU  to  "C”,  the  clock  temperature  changed  from  37.6  to  34.6  over  a 
course  of  20  minutes.  During  the  next  24  hours,  the  Kalman  estimate  of  Af/f  changed  from 
-20  57x10"’'^  to  -5.898xl0~'^  s/s.  After  subtracting  the  change  in  frequency  due  to  the  aging 
coefficient  (A2),  we  could  assume  the  temperature  change  was  responsible  for  the  Af/f  of 
1 1.792  X 10- '2.  This  increase  in  frequency  yields  a temperature  coefficient  of  -4.93  x 10  A/// 

per  degree  Celsius. 
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The  original  value  of  the  temperature  coefficient  for  this  clock  was  taken  from  ground  test  data 
compiled  in  1982.  During  the  ground  test  the  temperature  was  raised  from  31  C to  35  C over 
a period  of  ten  hours.  After  the  test  was  complete,  the  accumulated  phase  error  was  used  to 
derive  the  frequency  offset.  This  1982  data  indicates  that  Rb  #2  had  a temperature  coefficient 
of  -1.54  X 10"^^  ^f/f  per  degree  Celsius. 

The  results  of  this  test  indicate  that  the  clock’s  temperature  coefficient  increased  by  a factor  of 
three.  There  are  several  reasons  other  than  prolonged  exposure  to  the  space  environment  that 
could  explain  the  change  in  the  coefficient.  Since  all  ground  tests  on  this  frequency  standard 
took  place  shortly  after  clock  turn— on  (a  two  to  three  week  time  span),  the  frequency  standard 
may  not  have  displayed  normal  operational  behavior  during  this  time.  The  clock  used  for  this 
end  of  life  test  was  powered  up  October  1,  1993.  Since  the  clock  had  approximately  six  months 
to  stabilize  before  the  onset  of  end  of  life  testing,  the  A2  term  was  more  stable  and  was  more 
accurately  characterized  in  the  Kalman  Filter. 

Other  conditions  existing  during  the  end  of  life  test  and  not  present  during  the  ground  test 
should  also  be  taken  into  account.  The  on-orbit  satellite  experiences  large  variations  in  the 
angle  at  which  the  sun  falls  on  the  satellite  body.  During  the  time  span  covered  by  this  test, 
the  incidence  angle  of  the  sun  on  the  satellite  body  changed  dramatically  over  the  course  of 
the  day.  This  exposed  the  components  aboard  the  vehicle  to  different  temperatures  depending 
on  their  on-board  location.  By  comparison,  during  the  ground  test,  the  frequency  standard 
was  placed  in  a stabilized  thermal  vacuum  chamber  where  these  variations  do  not  occur. 

The  elapsed  time  for  the  clock  baseplate  to  stabilize  at  the  new  temperature  was  less  than  one 
hour.  However,  since  there  are  no  temperature  telemetry  sensors  inside  the  clock,  the  actual 
time  for  the  entire  component  to  stabilize  at  a homogenous  temperature  may  have  been  much 
longer.  Even  after  available  telemetry  indicated  that  the  frequency  standard  has  stabilized,  the 
internal  temperature  of  the  clock  may  still  have  been  different  from  the  baseplate  temperature. 

Conclusion:  After  almost  ten  years  in  space,  the  temperature  coefficient  for  FS  #2  changed 
less  than  one  order  of  magnitude.  This  bodes  well  for  future  operations.  The  test  indicates 
that  ground  test  data  for  temperature  related  issues  remains  valid  for  several  years  and,  if 
normal  precautions  are  taken,  can  be  trusted  for  operational  use. 

NAVIGATION  PAYLOAD  TEST  #2:  VCXO  Open-Loop  Run 

For  this  test,  the  feedback  loop  that  ties  the  rubidium  physics  package  to  the  VCXO  was 
severed.  At  the  same  time,  the  MCS  Kalman  Filter  was  directed  (via  the  SVCLKSEL  directive 
and  a modified  KKS  file)  to  increase  the  process  noise  (qs)  for  the  clock  states.  All  q values 
were  increa.sed  by  three  orders  of  magnitude.  The  qs  for  Ao  (clock  phase)  increased  from 
1.11  X 10  to  1.11  X 10  the  qs  for  A]  (clock  frequency)  increased  from  .'I..'!.'!  x 10~^^ 

to  x 10~^'’  the  qs  for  A2  (clock  frequency  drift)  increased  from  l.:i,')  x 10“'*-^  to 

l..Jo  X 10  These  larger  values  compensated  for  the  greater  variation  in  measurement 

process  noise  brought  on  by  the  frequency  instabilities  of  the  VCXO. 

Once  the  VCXO  was  tuned  to  an  acceptable  frequency,  SVN  9 was  treated  as  a normal 
member  of  the  GPS  constellation.  Monitor  stations  tracked  it;  the  Kalman  Filter  modeled 
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if  and  routine  navigation  uploads  were  performed  according  to  the  daily  contact  schedule. 
Contingency  uploads  due  to  high  ranging  errors  were  not  performed  because  of  the  excessive 
burden  this  would  have  placed  on  the  MCS  operations  crew. 

We  performed  the  test  twice.  The  first  trial  involved  the  VCXO  from  Frequency  Standard  #2; 
the  next  trial  u.sed  Frequency  Standard  #1.  The  first  run  lasted  56  hours  from  22  to  25  March. 
The  second  VCXO  test  lasted  73  hours  from  8 to  11  April. 

At  the  conclusion  of  the  tests,  each  VCXO  exhibited  the  following  characteristics: 


VCXO  Clock  State 

VCXO  Test  #1 

VCXO  Test  #2 

VCXO  Clock  Bias  (Ao) 

-8.77  X 10"'*  (s) 

-1.32  X 10-^  (s) 

VCXO  Clock  Drift  (Ai) 

-2.55  X IQ-m  (s/s)  1 

-5.79  X 10"’”  (s/s) 

VCXO  Clock  Drift  Rate  (A2y1 

1.20  X 10“’'’  (s/s*') 

5.91  X lO-''’  (s/s^) 

Maximum  Drift  Movement 

1.03  X lO^m  (parts/day) 

5.49  X 10~m  (parts/day) 

These  values  are  all  too  large  in  magnitude  for  sustained  operational  . 

Kalman  Filter  intervention  and  frequent  adjusts  of  the  payload  timing  (PRN)  signal,  it  was 
possible  to  maintain  a navigation  signal  for  the  duration  of  this  test. 

The  rate  at  which  the  timing  signal  aboard  the  satellite  diverged  from  GPS  time  would 
required  frequent  PRN  timing  adjusts.  The  available  space  in  the  navigation  message  mandates 
that  the  SV-GPS  time  offset  be  less  than  976,000  ns.  If  no  adjustments  to  the  timing  signal 
had  been  performed,  this  absolute  limit  would  have  been  exceed  exceeded  every  two  to  three 
days  In  the  case  of  SVN  9,  this  timing  adjust  was  performed  at  the  beginning  of  the  test  for 
each  frequency  standard.  Each  iteration  of  the  test  was  concluded  before  this  clock  phase  limit 

could  have  been  exceeded. 

The  instabilities  associated  with  the  VCXO  output  signal  necessitated  intense  control  segment 
maintenance.  Ranging  errors  associated  with  an  incorrect  navigation  upload  accumulated  at 
a rate  of  10-20  meters  per  hour.  New,  more  accurate  navigation  uploads  would  have  been 
required  every  30  to  60  minutes  in  order  to  maintain  ranging  errors  within  the  allowable 
operational  limits.  This  is  beyond  the  capability  of  the  MCS  in  its  current  configuration. 

Conclusions:  The  results  of  this  test  are  mixed.  The  VCXO-specific  process  noise  values  (qs) 
contained  in  the  KKS  file  provided  the  Kalman  Filter  with  the  flexibility  needed  to  model  the 
very  erratic  VCXO  clock  states.  This  in  turn  allowed  the  MCS  operations  staff  to  build  an 
transmit  navigation  uploads  in  order  to  monitor  ERDs  and  other  performance  parameters.  In 
this  respect.  Test  #2  proved  that  the  MCS  is  capable  of  handling  a vehicle  operating  in  the 

VCXO  open-loop  mode. 

The  discouraging  result  of  the  test  was  the  accumulation  of  range  error  and  the  rapidly  increasing 
SV-GPS  timing  discrepancy.  Through  sustained  Kalman  maintenance  along  with  frequent 
navigation  uploads  and  PRN  timing  adjusts,  it  is  possible  to  maintain  a healthy  navigation 
signal.  The  ability  to  do  this  would  impose  an  unacceptably  large  burden  on  the  operations 
crew  if  the  situation  existed  for  an  extended  period  of  time. 
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NAVIGATION  PAYLOAD  TEST  #3:  New  Clock  Initialization 


I Witness  the  start-up  performance  of  the  two  standby  rubidium 

clocks.  The  test  followed  standard  MCS  procedures  for  powering  up  and  initializing  a new 
rubidium  clock.  Although  some  procedures  were  customized  to  accommodate  the  specifics 
of  each  individual  frequency  standard,  the  following  .steps  were  common  to  all  new  rubidium 


The  new  clocks  were  powered  up  and  allowed  to  thermally  stabilize  for  one  to  three  days.  A 
C fie  d tune  was  done  soon  afterwards  to  minimize  any  frequency  re.siduals.  As  soon  as  the 
- c tune  was  complete,  the  satellite  was  provided  with  a routine  navigation  upload.  This 
entire  process  was  completed  within  four  days  for  both  new  frequency  standards. 

At  this  point,  the  satellite  had  to  be  monitored  constantly  to  determine  the  rate  of  error 
accumulation  in  the  ranging  signal.  Normally  a rubidium  frequency  .standard  will  settle  down 
and  exhibit  acceptable  operational  characteristics  after  the  pa.ssage  of  another  week.  Although  a 
rubidium  clock  will  continue  to  change  its  performance  characteristics  for  the  next  few  months, 

this  luxury  of  time  required  to  observe  this  phenomenon  was  not  available.  Each  iteration  of 
the  test  was  concluded  after  two  weeks. 


To  minimize  the  burden  on  the  operations  crew,  the  vehicle  was  only  uploaded  once  per  day 
regardless  of  the  size  of  the  ranging  errors.  The  test  ran  for  approximately  two  weeks  on  each 

”i  clocks.  Two  weeks  is  the  normal  initialization  period  for  a new  rubidium 

clock.  After  this  time,  we  are  usually  prepared  to  set  the  SV  healthy. 

The  test  of  Rubidium  #1  ran  14  days  from  25  March  to  8 April.  The  te.st  of  Rubidium  #3 
ran  11  days  from  11  April  to  22  April.  Both  tests  recorded  Kalman  Filter  data  as  the  clocks 
warmed  up.  The  Kalman  estimates  of  the  clock  states  by  the  end  of  the  re.spective  tests  are 
.s  own  e ow.  Also  shown  are  the  NIST  estimates  of  the  clock  stability  based  on  the  Allan 


Clock  State 

FS  #1 

FS  #3 

Clock  Bias  (Ao) 

-1.45  X lO--*  (.s) 

2.45  X 10-^  (s) 

Clock  Drift  (A]) 

-6.74  X 10-“  (.sAs) 

3.03  X 10-”  (s/s) 

Clock  Drift  Rate  (A2) 

1.12  X 10- (s/s"'^) 

1.66  X 10-*  ''  (s/s^) 

Stability  (r  =vone  day) 

1*1  X 10” 

2.5  X 10-'  ' 

Maximum  Drift  Movement 

1.27  X 10-^^  (parts/day) 

1.43  X 10“'^  (parts/day) 

At  the  end  of  the  test,  the  clocks  exhibited  characteristics  similar  to  all  new  rubidium  frequency 
s andard.s.  The  phase  offsets  (Aq)  and  frequency  offsets  (Aj)  are  both  slightly  high  but  would 
be  acceptdb  e for  normal  operations.  We  would  definitely  need  to  adjust  these  parameters  later 
in  order  to  keep  these  clocks  on-line.  The  one  day  stability  for  FS  #1  is  fairly  high,  but  would 

be  expected  to  come  down  with  time.  The  one-day  .stability  for  FS  #3  is  better  and  meets 
program  specifications  (5.0  x 10“''’). 


When  a new  clock  is  warming  up,  random  variations  in  frequency  should  be  expected  The 
maximurn  variations  in  frequency  each  day  were  12  to  15  parts  in  10'\  Movements  of  this 
magnitude  are  higher  than  normal,  but  are  partially  attributed  to  the  large  Aa  term.  This  large 
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frequency  drift  value  will  cause  both  the  phase  offset  and  frequency  offset  values  to  increase 
in  magnitude  over  time. 

The  frequency  drift  value  (A2)  is  often  the  biggest  obstacle  to  overcome  when  setting  a 
vehicle  with  a new  rubidium  clock  healthy.  Both  of  these  clocks  exhibit  a vidue  o f^  that  is 
•mnroxirnately  one  order  of  magnitude  higher  than  normal.  Experience  has  shown  that  the  A2 
‘term  on  most  new  rubidium  clocks  will  slowly  decrease  in  magnitude  and  become  negat|ve^in 
sign.  Since  this  process  usually  takes  several  months,  the  observation  of  this  phenomenon  was 

beyond  the  scope  of  this  test. 

Ranging  errors  for  both  clocks  were  slightly  high  but  acceptable.  By  nploading  S™  9 once 
per  ERDs  (Estimated  Range  Deviations)  exceeded  ten  meters  daily.  This 
Lerational  limits  imposed  on  the  MCS  and  indicates  that  the  stability  of  the  clacks  and 
estimate  in  the  Kalman  Filter  were  not  yet  at  the  optimal  level. 

Conclusions:  After  ten  years  in  orbit,  the  two  stand-by  mbidium  clocks  piwered  up 
the  initialization  process  as  expected.  After  a two  week  warm-up  period 

fh  ■ teas  h id  expired  By  this  time,  most  of  the  characteristics  measured  by  the  GPS  Kalman 
Fi  ter  de  irU  : c^.s  as  normal.  The  one-day  stability  measured  NIST  also  showed 

ch  netted  common  to  other,  operational  GPS  clocks.  The  A.,  term  for  I'''!''  ^“1';=^ 
i n ltrds  was  higher  than  those  measured  on  any  of  the  operational  ^ 

is  not  UK,  unusual  for  a clock  undergoing  the  initialization  proces  . We  would  expect  to 
these  values  drop  if  the  clocks  remained  on  for  an  extended  period  of  time. 

NAVIGATION  PAYLOAD  TEST  #4:  C-Field  and  VCXO  Tun- 
ing 

Method-  A rubidium  frequency  standard  normally  operates  with  the  atomic  loop  closed  and  a 
C field  tune  of  about  50%.  This  mid-field  tune  allows  the  MCS  the  potential  to  either  increase 
output  fretpiency  by  an  erpial  amount.  For  test  #4.  the  C-AcU  -s  tuned  o 
the  minimum  possible  frequency.  Once  the  MCS  Kalman  Filter  settled  I" 
frequency,  the  command  was  sent  to  the  clock  ordering  the  maximum  C-hcld  tuning  value. 
TOs  proLdiire  was  repeated  tor  the  VCXO  operating  in  the  open-loop  conhguration. 

The  following  chart  details  the  C-field  tuning  values  and  their  associated  frequency  residual 
This  actual  fesidiial  should  be  aimpared  to  the  anticipated  change  m frequency  based  on 

• • x-*  I 1 


C-field  tune 

actual  Af/f 

anticipated  Af/f 

55.655% 

;i.  14727  X 10'"  (s/s) 

2.9185482  x lO''"  (s/s) 

— Z 7“T 

0.0%  I 

-2.650  X 10-''  (s/s) 

-2.840  X 10— ’ (s/s) 

100.0% 

2.398  X 10-"  (s/s) 

2.404  X IQ-'^  (s/s) 

The  analysis  of  these  test  results  indicates  tnai  me  oveia..  „ 

with  age  The  initial  C-field  range  of  5.244  x IQ-*’  s/s  decreased  by  3.73 /o  to  o.048  x lU 
s/s  Because  the  range  decreased  asymmetrically,  the  mid-field  frequency  value  shifted  l.75/o 
(t2fl0  " s/s)  towards  the  positive  end  of  the  scale.  This  is  a well  observed  phenomenon 
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and  must  be  accounted  for  during  every  new  clock  initialization. 

After  the  atomic  loop  was  disconnected  from  the  VCXO,  we  tested  the  tuning  characteristics  of 
the  VCXO.  The  following  chart  details  the  VCXO  tuning  values  and  their  associated  frequency 
residuals.  This  actual  residual  should  be  compared  to  the  anticipated  change  in  frequency 
based  on  ground  test  data  from  1982. 


VCXO  tune 

actual  Af/f 

anticipated  Af/f 

0.0% 

-2.5128.3  X 10-^  (.sAs) 

-2.523.33  X 10-''  (s/s) 

100.0% 

1.91467  X 10“^  (Vs) 

+2.20254  X 10-''  (s/s) 

The  analysis  of  these  test  results  indicates  that  the  overall  tuning  range  of  the  VCXO  decreased 
with  age.  The  initial  VCXO  tuning  range  of  4.726 x .s/s  decrea.sed  by  6.32%  to  1 4275  x 10~^Z 
s/s.  Ba.sed  on  the  asymmetry  in  the  decrease  of  the  total  range,  it  appears  that  the  entire 
frequency  range  .shifted  3.16%  (1.4  x 10-«  s/s)  towards  the  negative  end  of  the  scale. 

Conclusion:  The  C-field  and  VCXO  tuning  capabilities  diminish  during  the  accumulated  time 
the  satellite  spends  on-orbit.  This  lo.ss  of  capability  does  not  pose  a problem  to  the  normal 
operation  of  the  frequency  standard,  because  most  C-field  tunes  differ  from  the  mid-field  tune 
by  le.ss  than  lOlost  capacity  observed  in  this  test  lies  outside  of  the  nominal  tuning  range. 

This  lost  capacity,  along  with  the  shift  in  frequency  of  the  center  point  (or  "mid-field  tune”) 
requires  the  addition  of  a calibration  factor  to  ensure  accurate  tuning  performance.  In  practice, 
t is  may  require  tran.smitting  more  than  a single  tune  command  word  to  ensure  the  proper  tune. 
Current  operational  practice  allows  for  several  (two  or  three)  tunes  to  correct  the  satellite’s 
frequency  offset.  This  shift  of  the  mid-field  tune  and  change  in  tuning  capacity  does  not 
hamper  operational  capabilities. 


CONCLUSION 

The  end  of  life  testing  conducted  on  SVN  9 provided  valuable  insight  into  the  aging  characteristics 
of  rubidium  frequency  standards.  Although  none  of  the  test  results  yielded  dramatic,  unexpected 
results;  they  served  to  strengthen  the  operational  practices  and  conventional  wisdom  that  rule 
the  procedures  found  in  the  MCS. 

We  confirmed  the  reliability  of  the  published  thermal  coefficients  as  well  as  the  VCXO  and 
C-field  tuning  values  (Tests  #1  and  #4).  Slight  changes  in  the  magnitude  of  these  values  did 
nothing  to  le.s.sen  the  confidence  we  now  maintain  in  the  ground  test  results. 

The  abilities  of  the  MCS  to  initialize  new  clocks  and  maintain  an  SV  in  the  VCXO  open  loop 
mode  (Tests  #2  and  #3)  were  observed  with  some  relief.  The.se  .seemingly  routine  sets  of 
circumstances  do  not  appear  .so  routine  in  light  of  SVN  9’s  prolonged  exposure  to  the  space 
environment.  The  challenge  to  the  operational  crew  to  support  the  inten.se  maintenance  while 
quite  formidable,  is  .something  that  could  be  overcome  with  increased  manpower  and  ground 
segment  support.  Similarly,  the  somewhat  poor  performance  of  the  two  new  initialized  clocks 
should  not  be  judged  solely  on  10  or  14  days  worth  of  data.  The  fact  that  the.se  clocks  powered 
up  and  could  be  characterized  in  a normal  manner,  after  twice  the  expected  lifetime  of  the 
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satellite  had  passed,  is  a success. 

Tes.  s,,cH  . .he. 

rir  p.r;ro:,,aTo:r  rif  1 aisposa, 

opportunity  to  validate  and  improve  the  operational  performance  of  the  GPS  Master  Con 
Station. 
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QUESTIONS  AND  ANSWERS 


THOMAS  CELANO  (TASC);  I was  wondering  if  you  have  any  plans  for  the  end-of-life 
testing  for  the  last  Block  I. 

GREGORY  HATTEN  (USAF):  We  should.  PRN  9 is  taking  its  slot  in  the  A.l  position. 
So  we  have  dual  coverage  with  that  satellite.  So  they  will  probably  will  give  us  a few  months 
to  do  .some  tasks.  I would  anticipate  that  starting  probably  no  earlier  than  March.  So  it’s  not 
e.xpected  to  live  past  May  or  June,  I don’t  think. 

SIGFRIDO  M.  LESCHIUTTA:  Two  comments  and  one  question.  The  first  comment,  I was 
really  delighted  to  see  the  history  of  equipment  working  for  12  years. 

The  second  comment,  I think  the  figures  shown  is  a tribute  to  the  ingenuity  of  the  designers 
of  those  clocks. 

And  third,  the  probability  of  a thing  concerning  the  temperature  coefficient.  Do  you  have 
an  idea  of  what  could  be  the  reason  that  there’s  more  degradation  in  regard  to  efficient 
temperature?  The  physics  of  the  cell? 

GREGORY  HATTEN  (USAF):  I really  don’t  know.  That  would  probably  be  more  a 
question  for  the  manufacturer.  With  my  limited  experience  on  that,  I really  couldn’t  answer 
that.  Sorry. 

JAMES  COMPARO  (AEROSPACE  CORP.):  I was  going  to  ask  you  about  Frequency 
Standard  Number  3.  You  said  the  stability  at  one  day  was  about  a factor  10  worse  than  nominal 
for  that  rubidium  clock.  Was  that  clock  on  for  nine  days,  and  you  took  stability  measurements 
everyday? 

GREGORY  HATTEN  (USAF):  No,  it  was  on  for  --we  requested  NIST  to  go  ahead  and 
give  us  some  .stability  data  after  we  thought  it  had  settled  out  and  we  performed  our  last  C-field 
tune.  I believe  it  had  been  on  — pardon  me,  that  was  1 1 days.  And  I believe  it  had  been  on 
eight  days  when  we  started  taking  tests.  They  took  four,  so  the  error  bars  at  one  day  would 
be  fairly  large  after  a four-  or  five-day  sample. 

JAMES  COMPARO  (AEROSPACE  CORP.):  And  were  there  any  Allan  Variance  mea- 
surements taken  at  time  scales  shorter  than  one  day? 

GREGORY  HATTEN  (USAF):  Yes,  there  were.  And  I don’t  think  I have  that  data  with 
me.  But  I do  have  it.  NIST  did  provide  it  for  us. 

PARTICIPANT:  What  are  the  units  of  time  on  your  frequency  drift?  Is  that  per  second? 
GREGORY  HATTEN  (USAF):  Second  per  .second  squared. 
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REFERENCE  FREQUENCY  DISTRIBUTION 
TO  REMOTE  BEAM  WAVEGUIDE  ANTENNAS* 
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Abstract 

In  the  NASAIJPL  Deep  Space  Network  (DSN),  radio  science  experiments  (probing  outer  planet 
atmospheres,  rings,  gravitational  waves,  etc.)  and  very  long-base  interferometry  (VLBI)  require 
uUra  stable,  low  phase  noise  reference  frequency  signals  at  the  user  locations.  Typical  locations 
for  radio  scienceIVLBI  exciters  and  down-converters  are  the  cone  areas  of  the  34  m high  efficiency 
antennas  or  the  70  m antennas,  located  several  hundred  meters  from  the  reference  frequency 
standards.  Over  the  past  three  years,  fiber  optic  distribution  links  have  replaced  coaxial  cable 
distributionfor  reference  frequencies  to  these  antenna  sites.  Optical  fibers  are  the  preferred  medium 
for  distribution  because  of  their  low  attenuation,  immunity  to  EMIIRFI,  and  temperature  stability 
A new  network  of  Beam  Waveguide  (BWG)  antennas  presently  under  construction  in  the  DSN 
requires  hydrogen  maser  stability  at  tens  of  kilometers  distance  from  the  frequency  standards  central 
location.  The  topic  of  this  paper  is  the  design  and  impUmentation  of  an  optical  fiber  distribution 
link  which  provides  uUra-^stable  reference  frequencies  to  users  at  a remote  BWG  antenna 

The  temperature  profile  from  the  earth’s  surface  to  a depth  of  six  feet  over  a time  period  of  six 
months  was  used  to  optimize  the  placement  of  the  fiber  optic  cables.  In-situ  evaluation  of  the  fiber 
optic  link  performance  indicates  Allan  deviation  on  the  order  of  parts  in  JO  at  1000  and  10  000 
seconds  averaging  time;  thus,  the  link  stability  degradation  due  to  environmental  conditions  still 
preserves  hydrogen  maser  stability  at  the  user  locations.  This  paper  reports  on  the  implementation 
of  optical  fibers  and  electro-optic  devices  for  distributing  very  stable,  low  phase  noise  reference 
signals  to  remote  BWG  antenna  locations.  Allan  deviation  and  phase  noise  lest  results  for  a 16  km 
pber  optic  distribution  link  are  presented  in  the  paper 


INTRODUCTION 

The  NAS^JPL  Deep  Space  Network  is  expanding  its  spacecraft  tracking  capability  with  a 
network  of  -’4  meter  Beam  Waveguide  antennas.  A cluster  of  three  of  these  antennas  at 
the  Goidstone  Tracking  Station  (GTS)  is  located  a distance  of  16  kilometers  from  the  Signal 

-The  researO,  described  in  this  paper  wa.s  carried  out  at  the  .Jet  Propulsion  Laboratory,  California  Institute  of 
rechnoloRy,  under  a contract  sponsored  by  tlie  National  Aeronautics  and  Space  Adu.inistration. 
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Processini!  Center  (SPC).  Deep  Space  Station  24  (DSS  24),  the  first  of  the  cinstei  to  be 

completel  is  scheduled  to  go  on-line  in  late  1994.  In  i, 

J.ii  MS  r idio  science  and  VLBI  experiments,  precise  time  and  stable  retcrence  trcquen  y 
""  rid  at  this  temote  antenna  site.  The  Frequency  and  Timing  Systems  Engineering  Group  at 
" I llnriWe  tapr^^^  reference  frequency  and  precise  time  to  users  at  the  antenn. 
Celt  nipple  tions  atlhe  antenna  require  frequency  stability  and  phase  f ‘ -I-  ‘ 

of  a hydrogen  maser.  Since  the  hydrogen  maser  frequency  standard  ,s  located  at  the  SPC  the 
problem  becomes  one  of  distributing  the  signals  to  remote  locations  without  signal  degradation. 

The  distance  between  the  SPC.  and  the  antennas  is  too  great  to  consider  coaxial  cable  for 
burial  cable.  The  burial  depth  is  approximately  1.5  meters. 

The  hardware  implementation  for  timing  and  reference  with  t^^^^ 

measured  after  the  installation  was  completed  are  presented  in  is  pape  . ■ , 

considerations  based  on  temperature  effects  on  the  optical  fibers  are  discussed. 


DISTRIBUTION  HARDWARE 


Th.  S MHz  reference  frequency  signal  and  the  modified  IRIG-G  time  code  signals  are 

r^srrr::itrbi::rd‘rdu::L“^ 

“?ht  slg^nal  fmm  the  DFS  is  then 
dLXuted  to  the  antenna  users.  A block  diagram  of  the  frequency  and  timing  distribution  is 
shown  in  Figure  1. 

The  filtered  5 MHz  from  the  disdplined  »„dard  « 

^irdilbiZn  t'embly  employs  low  noise,  high  isolation  amplifiers  . The  entire  assembly  is 

temperature  controlled  for  improved  stability. 

a-fi  a iRir_r,  time  code  sicnal  utilizes  a 100  KHz  carrier  frequency.  The  source 

sicLHs  derived  from  the  Time  Insertion  Distribution  Assembly  at  the  SPC  applied  to  the 

la^r  transmitter  and  recovered  at  the  fiber  optic  receiver  in  the  antenna  P^desta  room_ 
laser  transmitter  antenna;  the  time  offset  between  DSS 

“ra'ndThc  ^PC  is  less  lhan  100  nanoseconds.  Approximately  82  microse^nds  time  delay  was 
Loved  at  the  Time  Code  Translator  because  of  the  16  km  of  optical  fiber. 
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TEMPERATURE  EFFECTS  ON  STABILITY 


The  cables  which  distribute  the  reference  signals  to  the  remote  antennas  are  buried  at  a 
depth  of  approximately  1.5  meters.  This  burial  depth  is  sufficient  to  mitigate  the  effects  of 
large  diurnal  temperature  variations;  however,  .seasonal  changes  and  weather  fronts  can  still  be 
sensed  even  at  a depth  of  2 meters.  Figure  2 is  a plot  of  surface  temperature  variations  at 
Goldstone  Tracking  Station,  which  is  located  in  the  California  Mojave  desertf^l.  Temperatures 
were  recorded  at  four  hour  intervals  for  the  period  11  June  1992  to  14  June  1992.  Observe 
the  extremes  from  a low  near  12“C  to  a high  near  55°C,  with  an  average  T of  35“C  per  12 
hour  interval. 

The  1.5  meter  burial  depth  was  determined  by  observing  the  temperature  profile  of  the  earth 
in  the  Mojave  desert  for  several  months^l.  Thermocouples  were  buried  at  depths  of  0.6,  0.9, 
1.2,  1.5,  and  1.8  meters,  respectively.  A data  logger  with  a computer  was  used  to  record  these 
data.  The  results  of  the  measurements  are  shown  in  Figure  3.  Measurements  were  begun  on 
14  January  1992  and  terminated  on  26  June  1992.  Analysis  of  the  data  indicates  that  a burial 
depth  of  1.5  meters  is  sufficient  to  attenuate  the  short  term  temperature  variations.  In  Figure 
3,  the  line  with  the  larger  variations  is  the  daily  average  surface  temperature. 

The  thermal  coefficient  of  delay  for  the  optical  fiber  is  approximately  7 ppm/°C.  The  length  of 
buried  cable  is  16  km.  At  a depth  of  1.5  meters,  a peak  to  peak  temperature  variation  of  35°C 
is  reduced  to  less  than  0.1“C,  peak  to  peak.  The  phase  variations  due  to  temperature  effects 
may  be  calculated  as  follows: 


A(j)  = ALx  .360°/A„ 
AL  = LkAT 


where  A(f>  is  the  change  in  phase  delay  introduced  by  the  temperature  variation  T,  k is  the 
thermal  coefficient  of  delay  of  the  fiber  in  ppm/“C,  L is  the  optical  fiber  length  in  meters,  and 
\o  is  the  wavelength  of  the  reference  signal  in  the  medium.  At  a measurement  frequency  of 
100  MHz,  the  wavelength  in  the  fiber  is  2.1  meters.  Calculating  the  phase  change  for  a 35“C 
surface  excursion  and  a worst  case  O.rc  peak  to  peak  at  the  fiber  yields  1.92°  phase  change  at 
100  MHz  for  the  16  km  fiber  link.  This  calculated  value  of  A</>  is  compared  with  test  results 
in  the  next  section  of  this  paper. 

STABILITY  AND  PHASE  NOISE  TEST  RESULTS 

Since  there  is  no  reference  signal  at  the  remote  antenna  site  to  compare  the  fiber  optic 
distributed  signal,  the  scheme  shown  in  Figure  4 was  used  to  measure  the  stability  of  the 
reference  signal.  The  5 MHz  signal  from  the  DFS  was  applied  to  the  Reference  Frequency 
Distribution  Assembly  where  it  is  multiplied  to  10  MHz  and  to  100  MHz.  The  100  MHz 
output  from  this  assembly  was  applied  to  the  transmitter  of  a Fiber  Optic  Reference  Freqency 
Distribution  A.s.sembly  (FODA)  which  is  known  to  have  stability  and  phase  noise  performance 
an  order  of  magnitude  lower  than  a hydrogen  maserPI.  The  signal  was  then  returned  to  the 
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SPC  over  a test  fiber  in  the  same  cable  bundle  that  was  used  to  send  the  reference  signal  to 
DSS  24  Figure  5 shows  the  stability  test  results  using  the  configuration  shown  in  Figure  4.  The 
Allan  deviation  shown  in  Figure  5 was  taken  with  a temporary  fiber  optic  cable  to  complete 
the  cable  run  to  DSS  24  before  the  installation  was  completed.  Approximately  420  meters 
of  fiber  cable  was  exposed  at  the  surface  of  the  Mojave  desert  during  these  measurements. 
The  temporary  cable  failed  to  meet  system  requirements.  Figure  6 shows  the  change  in  phase 
delay  as  a function  of  time.  The  temporary  fiber  cable  caused  a change  m time  delay  ot 
approximately  14“  per  12  hour  period  at  100  MHz.  The  corresponding  Allan  deviation  at  the 
half-day  period  is  1.5  x which  does  not  meet  the  system  requirements. 


Figure  7 shows  the  results  of  the  stability  test  after  the  installation  of  the  permanent  fiber  optic 
cable  The  test  results  shown  are  for  a fiber  optic  cable  buried  at  approximately  1.5  meters, 
with  a total  length  of  16  km.  Note  that  the  Allan  deviation  is  well  below  the  specification 
limits  with  the  exception  of  Tau  = 1.  This  stability  anomaly  is  believed  due  to  the  DFS  which 
has  a loop  bandwidth  of  less  than  1 Hz  and  a slight  overshoot  at  1 Hz.  The  change  in  phase 
delay  over  the  fiber  optic  link  is  shown  in  Figure  8.  The  results  indicate  a peak-to-peak  time 
variation  (at  100  MHz)  of  approximately  110  picoseconds,  which  equates  to  1.98iro  r (for  16 
km  ) per  12  hour  interval,  almost  an  order  of  magnitude  improvement  over  the  temporary  fiber 

installation.  Using  the  . , r i n u , 

Ddtacp  equation  from  the  previous  section  yields  a calculated  value  of  1. 92  per  I ou 
interval,  which  closely  agrees  with  the  measured  phase  delay.  Observe  in  Figure  7 that  the 
Allan  deviation  value  at  the  half-day  interval  is  approximately  1.5  x lO  ',  which  is  an  order 
of  magnitude  better  than  the  temporary  fiber  and  also  meets  the  system  requirement  for  long 

term  stability. 


Phase  noise  tests  at  DSS  24  were  run  using  the  test  configuration  shown  in  Figuc  The 
test  system  included  a high  quality  test  oscillator  which  was  phase  locked  to  the  distributed 
reference  signals.  Test  results  are  summarized  in  Table  I. 


Table  1.  SPC  10  to  DSS  24  Phase  Noise  Test  Results 


PHASE  NOISE  TEST  RESULTS  AT  DSS  24 

FREQUENCY 

OFFSET 

FROM 

CARRIER 

ESTIMATED 
PERFORMANCE 
AT  X BAND: 
FROM  D-LEVEL 
REVIEW 

MEASURED 
AT  5 MHz 

MEASURED 
AT  100  MHz 

EQUIVALENT 
AT  X-BAND 
(C(f)  5 MHz 
-64  dB) 

(Hz) 

12-17-92 

(dBc) 

(dBc) 

(dBc) 

(dBc) 

-52 

-121 
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TIMING  DISTRIBUTION 


The  timing  distribution  signal  for  DSS  24  is  obtained  from  the  master  clock  at  SPC  10.  The 
signal  is  a modified  IRIG-G  time  code  which  is  derived  from  the  Time  Insertion  Distribution 
Assembly  (TIDS)  at  SPC  10.  The  signal  flow  from  the  source  to  the  remote  antenna  is  shown 
in  Figure  1.  In  order  to  have  the  time  offset  at  DSS  24  within  the  required  I microsecond  of 
the  SPC  10  master  clock,  a travelling  Cesium  Clock  was  used  to  determine  and  remove  the 
time  delay  over  the  16  km  fiber  optic  cable.  Approximately  82  microseconds  of  time  delay  was 
removed  by  a .special  Time  Code  Translator  (TCT)  at  the  remote  antenna.  Consequently,  the 
remote  clock  at  DSS  24  is  within  50  nanoseconds  of  the  SPC  10  clock  and  the  measured  jitter 
at  the  antenna  is  less  than  2 nanoseconds. 


CONCLUSIONS 

The  fiber  optic  reference  frequency  and  timing  distribution  from  SPC  10  to  DSS  24  is  complete. 
Testing  was  begun  with  a temporary  fiber  optic  cable  with  420  meters  exposed  to  the  desert 
extremes  of  hot  and  cold  temperatures.  Test  residts  did  not  meet  .system  requirements,  and 
thus  were  delayed  until  a permanent,  buried  fiber  cable  was  installed.  Test  results  with  the  16 
km  of  buried  cable  indicate  that  the  system  phase  noise  performance  meets  requirements  with 
.some  margin.  The  stability  of  the  reference  signals  is  within  system  requirements  except  at  Tau 
= 1,  where  the  commercial  fiber  optic  terminal  equipment  and  the  DFS  slightly  degrade  the 
Allan  deviation.  Commercial,  off-the-shelf-equipment  was  u.sed  in  order  to  stay  within  cost 
constraints  of  the  project. 

After  removing  82  microseconds  of  cable  delay,  the  remote  clock  at  DSS  24  is  within  ± 50 
nanoseconds  time  offset  of  the  master  clock  with  a jitter  of  less  than  2 nanoseconds.  The 
timing  distribution  meets  all  system  requirements  at  the  remote  antenna  site. 
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Figure  1.  BLOCK  DIAGRAM  OF  REFERENCE  FREQUENCY  AND  TIMING  DISTRIBUTION, 
SPC  10  TO  DSS  24. 
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Figure  2.  SURFACE  TEMPERATURE  MEASURED  AT  GOLDSTONE  TRACKING  STATION 


Figure  3.  GROUND  TEMPERATURE  MEASURED  AT  GOLDSTONE  TRACKING  STATION 
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Figure  4.  TEST  CONnGURATION  FOR  ALLAN  DEVIATION  MEASUREMENT, 
SPC  10  TO  DSS  24. 
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Figure  5.  ALLAN  DEVIATION  AT  DSS  24  WITH  420  METERS  OF  EXPOSED  FIBER  OPTIC  CABLE 


Figure  6.  TIME  RESIDUALS  AT  DSS  24  WITH  420  METERS  OF  EXPOSED  FIBER  OPTIC  CABLE. 
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Figure  9.  TEST  CONFIGURATION  FOR  PHASE  NOISE  MEASUREMENT  AT  DSS  24 
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QUESTIONS  AND  ANSWERS 


FREDERICK  WALLS  (NIST):  How  much  of  the  phase  noise  degradation  was  due  to  the 
optical  transmit  received  and  how  much  due  to  fiber  noise? 

MALCOLM  CALHOUN  (JPL):  Anything  within  about  three  or  four  Hz  was  degraded  by 
the  optical  fiber  transmitted  and  received.  The  band  width  of  this  frequency  standard  brought 
the  noise  floor  down  very  rapidly.  At  10  Hz,  we’re  minus  140  dB  below  the  carrier.  And 
the  floor  on  this  was  limited  by  the  oscillator  in  the  disciplined  frequency  standard;  it  s about 
minus  155.  So  it’s  just  a little  bit  --  very  close  into  the  carrier. 
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Abstract 

In  GPS  one  of  the  primary  errors  contributing  to  positioning  inaccuracy  is  the  performance  of 
the  on-board  atomic  clock.  To  determine  and  predict  the  performance  of  this  atomic  clock  has 
been  a problem  due  to  the  ambiguity  of  the  orbital  position  error  and  clock  uncertainity  in  the 
Radio  Frequency  (RF)  tracking  of  the  navigation  signals.  The  Laser  Retrorefiector  Experiment 
(LRE)  on-board  NAVSTAR  35  and  36  provides  a means  of  separating  these  ambiguious  errors 
by  enabling  highly  precise  and  accurate  satellite  positions  to  be  determined  independently  of  the 
RF  signals.  The  results  of  examining  onboard  clock  behavior  after  removing  the  orbital  position 
signatures  will  be  discussed.  GPS  RF  tracking  data  from  various  DoD  and  other  sites  are  used  to 
reconstruct  the  onboard  clock  data  and  examine  the  clock  behavior.  From  these  data,  the  effects  of 
clock  performance  on  GPS  positioning  performance  can  examined. 


INTRODUCTION 

The  purpose  of  this  project  is  to  identify  and  investigate  means  of  enhancing  the  Global 
Positioning  System  (GPS)  system  integrity  and  performance.  This  project  involves  installing  laser 
retrorefiector  arrays  onDboard  Global  Positioning  System  (GPS)  satellites,  tracking  the  satellites 
involved  in  cooperation  with  the  NASA  Satellite  Laser  Ranging  (SLR)  network  and  collecting 
these  data  for  analysis  and  comparison  with  GPS  pseiidorange  data.  The  Laser  Retrorefiector 
Experiment  (LRE),  previously  known  as  the  Advanced  Clock  Ranging  Experiment  (ACRE)IH, 
was  .submitted  by  the  U.  S.  Naval  Research  Laboratory  (NRL)  to  the  TriDService  Space  Test 
Program  for  spacecraft  integration  funding  as  a triDservice  space  experiment.  The  objective 
of  such  an  experiment  is  to  provide  an  independent  high  precision  measurement  to  compare 
or  calibrate  the  GPS  pseudoDranging  signal.  This  project  is  a cooperative  effort  involving 
the  NASA  Goddard  Spaceflight  Center  SLR  group,  the  NRL  and  the  University  of  Maryland. 
Installation  of  the  LRE  on  the  GPS  .satellite  was  performed  in  conjunction  with  the  GPS  Joint 
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Program  Office  and  their  contractor,  Rockwell  International,  the  Air  Force  Space  Command 
and  the  Second  Satellite  Operations  Squadron. 

The  GPS  system  is  a predicted,  realDtime,  passive  ranging  navigation  system,  made  up  of  space, 
control  and  user  segments.  The  space  and  control  elements  comprise  the  system  proper,  and 
the  user  segment  operates  passively  utilizing  the  products  of  the  system  transmitted  by  the  space 
segment.  The  user’s  information  is  computed  from  the  control  segment’s  tracking  network’s 
data  and  other  data  provided  by  external  sources,  such  as  the  U.S.  Naval  Observatory  (USNO) 
for  Universal  Coordinated  Time  (UTC)  corrections.  The  tracking  network  data  are  similar  in 
(xrntent  to  that  used  by  the  user  segment  and  is  relayed  to  the  Master  Control  Station  (MCS) 
for  computation  and  prediction  of  the  system  states  which  are  uploaded  into  the  satellites  for 
the  users.  Embedded  in  the  space  and  control  segments  are  atomic  clocks  to  maintain  all 
elements  of  the  system  in  synchronization.  These  atomic  clocks  enable  the  precise  time  of 
propagation  measurements  (known  as  Pseudoranges)  the  users  measure  to  determine  range 
between  themselves  and  the  satellites,  and  the  capability  of  determining  the  precise  positions  of 
the  satellites  needed  as  the  users’  position  reference.  Small,  passive  LRE  on  two  GPS  satellites, 
capable  of  supporting  highly  precise  laser  ranging  to  that  satellite,  tracked  by  a worldwide 
network  of  SLR  stations  are  to  produce  highly  precise  and  accurate  orbital  ephemerides.  These 
data  are  being  compared  with  GPS  orbits  generated  by  the  MCS  and  the  Defense  Mapping 
Agency  postDprocessed  precise  ephemerides  to  separate  the  satellite  position  and  onDboard 
atomic  clock  errors.  This  error  separation  should  provide  a foundation  for  better  understanding 
the  satellite  clock  onDorbit  performance,  error  propagation  within  the  MCS  data  computation 
process,  and  an  independent  calibration  of  GPS  accuracy. 

SATELLITE  EQUIPMENT 

The  LRE  is  a panel  of  a laser  retroreflector  cubes,  24  x 19.4  cm  (9.45  x 7.64  inches)  as 
shown  in  Figure  1.  This  array  consists  of  32,  2.7  cm  (1.06  inch)  reflectors  of  the  design  used 
onDboard  Glonass  satellites.  These  arrays  were  built  and  tested  by  the  Russian  Instutite  for 
Space  Device  Engineering  in  a cooperative  arrangement  with  the  University  of  Maryland.  The 
placement  on  the  selected  satellites,  NAVSTAR  35  and  36,  is  shown  in  Figures  2 and  3. 

LASER  TRACKING  NETWORK 


The  laser  returns  from  the  LRE  is  estimated  to  be  a factor  of  36  lower  than  that  of  Glonass, 
whose  array  size  is  about  120  x 120  cm  (47.2  x 47.2  inches),  and  a factor  of  3 to  4 lower 
than  Etalon  (the  Russian  laser  retroreflector  satellite  at  Glonass/GPS  altitudes).  Good  Glonass 
returns  to  the  NASA  mobile  laser  sites  (MOBLAS)  are  roughly  equal  to  that  from  LAGEOS. 
LAGEOS  is  routinely  tracked  by  the  NASA  and  cooperating  laser  sites.  For  Etalon  tracking,  a 
receiver  threshold  of  4 photoelectrons  is  used  by  MOBLAS  for  day/night  operation.  With  the 
LRE  and  the  same  receiver  threshold,  the  ranging  returns  are  estimated  to  be  10  to  20return, 
ranging  returns  could  be  increased  to  about  the  same  level  as  Etalon  if  the  receiver  thresholds 
on  the  MOBLAS  were  reduced  from  four  photoelectrons  to  one  photoelectron  (lunar  mode) 
during  nightDtime  tracking.  Daylight  tracking  from  MOBLAS  is  more  difficult  due  to  the  high 
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evenf'^t'irtiers"i?«rf  *an  the  miiltistop 

MOBLrs  h,  he,  f *““■  Modification.,  to  enable  daytime  tracking  from 

are  graded. 

The  res, lit,  pre.,ented  here  are  for  NAVSTAR  35  onfy.  NAVSTAR  36  was  launched  significantly 
later  and  ha,  only  been  sporatically  tracked.  There  are  Welve  sites  which  with  varied  frequency 
have  sa,cce.,,f„ny  tracked  NAVSTAR  .35,  The  U.S.  systems  a.  Monument  Pk.,  CA.  Greelirel^J 

nation?i'""r’  McDonald  Obs.,  TX,  Haleakala,  HI,  Yarragadee,  Australia  and  the  inter- 
tonal  site.,  at  Herstmonceux,  U.K.,  Graz,  Austria,  Wettzell,  Germany,  Potsdam,  Germany 
Matdanak,  Uzbekistan  and  Evpatoria,  Ukraine.  The  distribution  of  the  backed  "segments”  by 
each  of  these  stations  indicate  that  some  of  the  sites  have  only  tracked  over  certainVriods  of 
Ome  in  a non-, m, form  way.  This  is  due  to  the  fact  that  tracking  has  been  limited  to  daylight 
Consequently,  there  are  only  short  periods  of  a day  or  so  when  several  .sites  wete  simultaneoLly 
successful  in  tracking  the  satellite.  In  particular,  on  November  18,  1993  ten  passes  of  data 

TcPs^'T  ■ '<>  “-p-i  ° w h 

the  GPS-derived  orbits  for  NAVSTAR  35.  f 


GPS  TRACKING 

collected  at  NRL  alone 

with  the  laser  tracking  data.  Tracking  data  from  the  GPS  Control  Segment  stations,  USNO 
the  broadcast  position  data  and  DMA  preci.se  ephemerides  are  being  collected.  These  data  are 
^ntinuoiis  over  the  inDorbh  operation  of  the  satellites.  To  utilize  the  GPS  derived  tracking 
a a for  intercompanson  with  the  laser  derived  data,  the  local  clocks  at  the  GPS  Monitor 

the  basis  for  the  GPS  tracking  measurements. 
GPS  Itself  these  clocks  are  accounted  for  by  the  use  of  GPS  Time  which  is  a common 
synchroniz.ation  time  computed  at  the  MCS.  However,  the  GPS  ranging  measurements  are 
irectly  related  to  the  local  clocks  whose  performance  must  be  removed  if  the  satellite  clock  is 

Tf  this’rJr  " The  laser  data  is  in^ependem 

of  this  influence  on  ranging  measurements  since  the  local  clock  is  used  for  timetagging. 

To  determine  the  performance  of  the  station  clocks,  common  view  time  comparisons  with 
USNO  were  made  to  the  Colorado  Springs,  Hawaii  and  Ascension  stations.  The.se  comparisons 
provide  local  station  clock  compared  to  the  Master  clock  at  USNO.  These  data  show  that  large 
chTe!  ^h’^‘=^"*'nuitie.s  are  present  as  shown  in  Figures  4,  5,  and  6.  These  jumps  are  due  to 
g . in  the  local  clocks  or  .switching  nece.ssary  for  the  operation  of  the  system.  Navigation 
. rs  would  not  be  aware  of  these  changes  since  they  u.se  GPS  Time  which  is  a computed  time 
ounting  for  these  changes.  For  this  experiment,  removal  of  the  local  clock  and  the  satellite 

r^rinci 

ciocK  as  the  principal  error  component. 


429 


ORBITAL  ANALYSIS  AND  RESULTS 

The  lERS  Standardsl-I  with  minor  excursions  (e.g.  JOM-2  gravity  field  vs. 

^ t^th^  hioher^  of  the  target  satellite.  The  time-varying  part  of  the  geopotent.al  .s 
almmodated  by  modeling  the  solid 

"lAGEOS,  luitudetrlaL'listrbe  ac!;:mmted  for  and  the 

thl^e  forc^irthl^a^^^^^^  Rocl^dURmr”^^^^^  niodel  by  Fliegel- 

C dlini  Swift  the  720(51.  An  additional  acceleration  along  the  satellite  body  -\e  • n 

Gallmi-Swilt,  inc  izu  . « revolution 

constant  accelerations  apply.  The  duration  ot  t . roh.ianess  of  the  solution  The 

that  are  adjusted. 

Measuremenfmodel^ 

ocean  loading  (m  all  three  ciireciions;  Marini-Murrav  model.  Ocean  loading 

ILrrriTR"  rpu.ld\fst.:  .hc's^r:™  lL,^for  .he  eleven  mein  lida, 

data  will  be  minimized. 

The  a.llected  SLR  data  are  analyzed  and  reduced  based  on  the  force  and  meas.irement  models 
:Lr.bed  i,.  .he  P-ious  s..,om  A long  arc  of  -orhe“;T;; t rn^et 

Sfi55ii=s-^ 
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fit  to  the  data;  one  for  November  5-18  inclusive  and  one  beginning  on  November  18.  These 
arcs  have  only  12  hours  worth  of  data  in  common:  11:00  UT  to  23:00  UT,  on  November  18. 
The  data  fit  either  arc  with  an  rms  residual  of  about  1.9  cm.  In  both  cases,  the  state  vector 
and  one  set  of  accelerations  were  estimated.  The  two  orbits  are  based  on  just  over  200  normal 
points  each.  For  arcs  of  such  length  this  can  hardly  be  called  a sufficient  amount  of  data.  The 
trajectories  from  the  two  adjustments  were  then  compared  in  terms  of  radial,  cross-track,  and 
along-track  differences  over  their  common  segment.  The  statistics  from  this  comparison  (mean 
and  rms  about  the  mean),  are  shown  in  Table  2. 


Table  1 

Residual  statistics  for  the  104— day  SLR-determined  arc 

Site 

No.  of  Obs. 

RMS  1cm  1 

Monument  Peak,  CA 

311 

2.3 

Haleakala,  HI 

215 

3.1 

McDonald  Obs.,  TX 

81 

2.7 

Quincy,  CA 

4 

0.1 

Greenbelt,  MD 

8 

1.0 

Graz,  Austria 

175 

2.8 

Herstmonceux,  U.K. 

101 

3.4 

Potsdam,  FRG 

47 

2.1 

Wettzell,  FRG 

121 

3.1 

Totals 

1063 

2.9 

Table  2 

Trajectory  Differences  for  the  two  SLR— determined  14— day  arcs. 

Component 

Position  [cm] 

Velocity  [cm/s] 

Direction 

Radial 

Cross 

Along 

Radial 

Cross 

Along 

Mean 

5.1 

21.8 

-19.0 

0.0028 

0.0002 

0.0012 

RMS 

3.2 

37.0 

10.9 

0.0017 

0.0015 

0.0059 

Despite  the  fact  that  the  SLR  data  distribution  is  not  as  optimal  as  would  be  preferred  for  a 
precise  orbit  determination,  it  is  still  worthwhile  comparing  to  the  GPS-derived  orbits  distributed 
by  IGS  for  geodetic  work.  The  IGS  orbit  was  rotated  into  the  inertial  frame  and  used  as 
“observations”  with  the  GEODYN  data  analysis  software  package  to  restitute  a dynamic  orbit 
fitting  that  data.  The  converged  trajectory  was  then  compared  to  the  SLR-derived  orbit  in  the 
radial,  cross-track,  and  along-track  directions  (Figure  7).  Statistics  of  these  differences  of  the 
IGS  orbit  from  both  SLR  14-day  arcs  are  shown  in  Tables  3 and  4.  The  common  segment  of 
course  is  only  one  day  (November  18)  in  both  cases. 


Table  3 

Trajectory  Differences  SLR-1 

vs.  IGS  GPS  orbit 

Component 

Position  [cm] 

Velocity  [cm/s] 

Direction 

Radial 

Cross 

Along 

Radial 

Cross 

Along 

Mean 

8.9 

63.3 

39.7 

-0.0054 

-0.0001 

0.0004 

RMS 

7.7 

56.5 

75.1 

0.0109 

0.0102 

0.0087 
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Table  4 

Trajectory  Differences  SLR.— 2 vs.  IGS  GPS  orbit 

Component 

Position  [cm] 

Velocity  [cm/s] 

Direction 

Radial 

Cross 

Along 

Radial 

Cross 

Along 

Mean 

3.6 

41.5 

58.7 

-0.0082 

-0.0003 

-0.0008 

RMS 

9.8 

90.9 

72.9 

0.0103 

0.0093 

0.0138 

CONCLUSIONS 

The  collection  of  the  GPS  tracking  data  is  proceeding  well  and  the  SLR  data  is  proceeding 
slowly.  The  complication  of  removing  the  local  atomic  clock  offset  and  drift  from  the  GPS 
data  is  being  accomplished  using  the  common  view  technique  of  simultaneous  observations  of 
the  satellites  at  two  sites.  These  comparisons  should  be  of  sufficient  accuracy  to  remove  these 
effects  from  the  individual  satellite  tracking  data.  With  SLR  derived  positions  having  sufficient 
confidence  the  resulting  satellite  atomic  clock  performance  should  be  Isolated  for  evaluation. 

With  limited  SLR  data,  it  is  hard  to  come  to  firm  conclusions.  The  two  orbit  comparisons 
show  at  least  the  level  of  compatibility  of  the  SLR  and  IGS  orbits  at  about  10  cm  in  the  radial 
direction,  whether  it  be  in  the  mean  or  the  rms  sense.  This  is  a very  limited  test,  where  neither 
technology  has  put  forward  its  best  accomplishments  and  capabilities.  A much  more  uniform 
and  extended  SLR  data  set  will  be  required  before  we  can  reliably  determine  an  orbit  at  the 
few  centimeter  level  of  accuracy.  On  the  other  hand,  reduction  of  GPS  data  directly  within 
GEODYN  will  remove  any  inconsistencies  in  the  standards  and  the  reference  frame  used  by  the 
IGS  analysis  centers  and  the  SLR  group.  Upcoming  modifications  to  the  SLR  ground  receivers 
will  allow  for  a further  increase  in  the  tracking  capabilities  of  several  additional  sites  and  add 
the  needed  .southern  hemisphere  tracking.  An  initial  effort  to  compare  the  SLR  derived  orbits 
with  those  distributed  by  IGS  indicates  that  the  two  agree  at  the  decimeter  level  radially  and  at 
the  0.5-1 .0  meter  level  in  the  cros.s-track  and  along-track  directions.  The  amount  of  collected 
data  by  site  and  geographical  region  is  far  from  optimal  for  a reliable  orbit  determination,  so 
these  results  should  be  interpreted  with  caution. 
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TIME  TRANSFER  VIA  NAVSTAR  23 
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TIME  TRANSFER  VIA  NAVSTAR  23  CORRECTED  LINEAR  RESIDUALS 
Colorado  Springs  Monitor  Station 
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QUESTIONS  AND  ANSWERS 

MARC  WEISS  (NIST):  On  one  of  the  plots  of  the  residuals,  I wasn’t  exactly  sure  what  the 
data  meant.  There  were  normal  plots  for  the  laser  ranging,  and  I thought  they  were  open 
squares.  Were  those  DMA  or  isiso-ephemeris  ranging? 

RONALD  BEARD  (NRL):  The  normal  points  from  the  satellite  data  you  mean? 

MARC  A.  WEISS  (NIST):  Yeah. 

RONALD  BEARD  (NRL):  I think,  as  John  mentioned  yesterday,  they  are  doing  a number 
of  pulses,  like  10  pulses  per  second,  to  get  the  returns.  They  have  taken  like  five  minutes  of 
these  returns,  and  they  averaged  those  into  one,  what  they  call  a normal  point. 

MARC  A.  WEISS  (NIST):  And  you  were  comparing  those  on  the  same  plot? 

RONALD  BEARD  (NRL):  The  normal  points  are  made  to  the  raw  range  measurements,  if 
that  is  the  one  I think  you  mean. 

MARC  A.  WEISS  (NIST):  It’s  the  first  one.  And  then  there  was  an  RMS  of  some  two 
millimeters.  The  open  squares  are  what? 

RONALD  BEARD  (NRL):  The  open  squares  are  the  raw  range  measurements  that  they 
are  making.  They  are  getting  like  10  a minute,  or  10  a second. 

MARC  A.  WEISS  (NIST):  So  the  RMS  is  really  the  self-  consistency  of  the  range  mea- 
surements with  the  laser. 

RONALD  BEARD  (NRL):  That’s  correct. 

MARC  A.  WEISS  (NIST):  Okay.  I understand  that  you’re  trying  to  do  orbit  reconstruction 
based  on  laser  measurements  only.  And  it  seems  that  you  can  get  a simple  measure  of  the 
consistency  by  just  looking  at  range  measurements  for  your  laser  and  range  estimates  from, 
say,  DMA  orbits  or  broadcast  orbits.  Has  that  been  done? 

RONALD  BEARD  (NRL):  Yes  and  no. 

MARC  A.  WEISS  (NIST):  That  seems  a lot  simpler.  I would  be  very  mtere.sted  to  know 
how  they  compare  simply  for  range  measurements. 

RONALD  BEARD  (NRL):  It’s  a lot  more  difficult  than  it  appears  on  the  surface.  That  s 
one  of  the  reasons  we  want  to  try  to  do  some  simultaneous  tracking,  so  we  can  do  just  that. 
Even  the  locations  of  the  stations  and  the  lasers,  it’s  difficult  to  get  enough  correlation  between 
the  two  to  just  simply  do  a comparison  of  those  two.  But  we  have  been  trying. 

JOHN  LUCK  (ORRORAL  OBSERVATORY):  First  remark:  I think  the  comparison 

between  the  SLR-derived  orbits  and  the  IGS  orbits  for  35  and  36  are  consistent  at  about  15 
to  20  cm  level.  The  graph  that  you  were  just  looking  at  is  the  self-consistent  residuals  for  the 

laser-derived  orbit. 

Mv  question  was:  Seeing  that  this  is  a very  powerful  tool  for  geodetic  investigation,  such  as 
height  determinations,  sea-level  monitoring  and  things  like  that,  are  there  any  plans  to  include 
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retro-reflector  arrays  on  future  GPS  spacecraft?  And  if  so,  could  you  please  make  them  bigger? 

RONALD  BEARD  (NRL):  Well,  no  and  yes.  There  are  no  plans  to  include  them  downstream 
that  I m aware  of.  There  are  no  specific  plans.  There  are  recommendations  for  doing  that, 
and  various  options  have  been  discussed.  If  we  do,  we  sure  have  the  world  as  our  incubator. 
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Abstract 

T2L2  (Time  Transfer  by  Laser  Link)  is  a new  generation  time  transfer  experiment  based  on  the 
principles  of  LASSO  (Laser  Synchronization  from  Synchronous  Orbit)  and  used  with  an  operational 
procedure  developed  at  OCA  (Observatoire  de  la  Cote  d^Azur)  during  the  active  intercontinental 
phase  of  LASSO.  The  hardware  improvements  could  lead  to  a precision  better  than  10  ps  for  time 
transfer  (flying  clock  monitoring  or  ground  based  clock  comparison).  Such  a package  could  fly  on 
any  spacecraft  wi^/I  a stable  clock.  It  is  developed  in  France  in  the  frame  of  the  PHARAO  project 
(cooled  atom  clock  in  orbit)  involving  CNES  and  different  laboratories.  But  T2L2  could  fly  on  any 
spacecraft  carrying  a stable  oscillator.  A GPS  satellite  would  be  a good  candidate,  as  T2L2  could 
allow  to  link  the  flying  clock  directly  to  ground  clocks  using  light,  aiming  to  important  accuracy 
checks,  both  for  time  and  for  geodesy.  Radiaastron  (a  flying  VLBI  antenna  with  a H-maser) 
is  also  envisioned,  waiting  for  a PHARAO  flight.  The  ultimate  goal  of  T2L2  is  to  be  part  of 
more  ambitious  missions,  as  SORT  (Solar  Orbit  Relativity  Test),  aiming  to  examine  aspects  of  the 
gravitation  in  the  vicinity  of  the  Sun. 


INTRODUCTION 

The  development  of  very  stable  clocks,  and  the  increasing  number  of  applications  of  their  use 
in  space  (see  for  example  [1]),  urges  to  study  the  possibility  of  linking  these  clocks  to  the 
ground  with  better  and  better  accuracies.  The  techniques  used  for  transferring  time  between 
two  remote  clocks  using  satellites  can  be  divided  in  two  classes.  The  first  uses  electromagnetic 
signals  in  the  radio  domain,  as  two  way  time  transfer  through  telecommunication  satellites, 
or  GPS.  The  second  class  deals  also  with  electromagnetic  signal,  but  at  light  frequencies,  as 
LASSO  or  a laser  link  through  the  Ajisai  satellite.  It  is  not  very  easy  to  guess  which  precision 
and  accuracy  could  reach  these  techniques  within  the  next  five  to  ten  years.  However,  one  can 
try  to  estimate  what  could  be  the  more  important  limitations  for  each  of  them,  starting  with 
the  radio  domain. 
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IWTENTIONALLY  blank 


WHICH  FUTURE  FOR  THE  RADIO-FREQUENCY 
TIME  TRANSFER  ? 

The  current  accuracy  of  GPS  for  time  transfer  is  slightly  better  than  10  ns  on  long  baselines 
(6000  km).  It  can  be  improved  to  around  3 ns  on  regional  comparisons.  Improvements  in  the 
receivers  could  bring  to  a sub-nanosecond  accuracy,  let  say  500  ps,  assuming  that  the  receivers 
used  in  the  time  transfer  experiment  have  been  carefully  calibrated,  and  that  their  environment 
will  be  well  monitored  in  order  to  map  properly  the  variation  of  their  metrology  characteristics. 
To  do  better  seems  very  difficult,  mainly  due  to  the  atmospheric  correction,  which  will  probably 
bring  the  ultimate  limitation  at  around  500  ps. 

Two-way  time  transfer  is  presently  achieving  a precision  of  around  200  ps,  and  an  accuracy  of 
1 to  2 ns.  One  could  think  that  the  new  methods  of  calibration  to  be  used  in  order  to  reach  a 
better  accuracy  could  lead  to  a strong  improvement.  Nobody  can  tell  now  what  could  be  the 
best  calibration  achievable.  However,  the  atmosphere  will  be  definitely  a limitation  at  50  ps, 
and,  again,  the  accuracy  will  depend  on  how  well  the  calibrations  can  be  performed. . . 

PRARETIME  (the  PRARE  positioning  system  modified  for  precise  time  transfer)  could  reach 
an  accuracy  of  100  ps  if  comparing  directly  the  clocks  through  their  5 MHz  frequency,  200  to 
300  ps  being  the  overall  accuracy  when  the  time  scales,  as  realized  by  the  1 pps,  are  compared ril. 
Doing  better  seems  very  difficult  if  one  wants  to  keep  the  original  PRARE  equipment  with 
only  slight  modifications. 

As  a conclusion  of  this  quick  look  to  a mid-term  evolution  of  the  radio  frequency  time  transfer 
techniques,  50  ps  seems  to  be  a reasonable  limit,  even  assuming  very  careful  calibrations  and 
delay  variation  monitoring. 


TRANSFERRING  TIME  WITH  LIGHT 

The  basic  principle  of  time  tran.sfer  using  T2L2  is  briefly  described  in  [2],  where  can  be  found 
also  a general  uncertainty  analysis  of  both  PRARETIME  and  T2L2.  A complete  analysis  of 
the  T2L2  precursor,  LASSO,  can  be  found  in  [3|.  We  will  detail  here  the  uncertainty  analysis 

of  the  T2L2  equipment. 

Short  events 

In  contrast  with  the  radio  frequency  techniques,  optical  time  transfer  is  based  on  the  timing 
of  individual  very  short  events  with  respect  to  a clock.  We  are  now  able  to  create  such  short 
events  using  lasers  with  pulse  length  of  20  ps  or  less,  with  enough  energy  to  be  .sent  in  space, 
recorded  by  a flying  detector,  and  still  recorded  on  the  ground  after  their  reflection  on  a 
retroreflector  array  on  the  satellite.  Even  the  geosynchronous  orbit  can  be  reached  with  such 
short  pulses.  The  duration  of  the  event  to  be  timed  will  not  be  the  limit  of  such  techniques, 
as  the  uncertainty  it  brings  will  decrease  by  averaging  measurements  (typically,  for  10  s,  100 
events  can  be  timed. . .).  The  problem  now  is  to  know  how  well  we  can  time  an  event. 


444 


Rapid  detectors 

The  light  event  needs  first  to  be  transformed  into  an  electric  signal.  This  will  be  done  through 
a detector.  This  detector  has  to  be  rapid,  in  order  to  benefit  from  the  short  event.  Its  transit 
.me  has  to  be  veiy  stable,  and  checked  by  a real  time  calibration.  A photomultiplier  is  no 
onger  a good  candidate,  as  its  transit  time  is  varying  depending  on  where  the  light  is  arriving 
on  Its  photocathode.  This  transit  time  is  aLso  very  long,  and  varying  very  quickly  with  the 
environment.  Avalanche  photodiodes  are  the  kind  of  detectors  widely  used  now  in  the  laser 
ranging  measurements.  Some  of  them  exhibit  very  short  transit  times,  with  small  detector  areas 
minimizing  the  jitter.  Preliminary  tests  made  at  the  LLR  (Lunar  Laser  Ranging)  station  at  OCA 
on  various  photodiodes  allows  to  assign  50  ps  to  the  detector  uncertainty  (single  measurement). 

The  event  timer 


Event  nmers  are  rarely  used  in  the  laser  ranging  community,  as  the  basic  measurement  is  the 

• li  ^ ^ interval.  The  start  time 

Itself  has  to  be  recorded  with  an  accuracy  not  better  than  0.1  ms.  One  can  use  a counter  for 

an  absolute  timing  if  one  measure  for  example  the  interval  between  the  event  to  be  timed  and 
t e next  5 MHz  tick.  Unfortunately,  most  of  the  counters,  claiming  precisions  of  20  ps  are 
not  accurate  at  that  level,  and  there  are  no  event-timers  reaching  a 2 ps  resolution,  or  10  ps 
accuracy...  The  extrapolation  of  the  (more  than  10  years  old)  LASSO  event  timer  performances 

using  the  up-to-date  technology,  should  make  po.ssible  timing  with  a 10  ps  accuracy  with  respect 
to  the  reference  frequency.  ' 


T2L2  uncertainty 

Atmosphere  and  modeling 

T2L2  will  be  made  of  a a detector  and  a timer  flying  on  a satellite.  The  participating  ground 
stations  will  be  equipped  with  comparable  detector  and  timer  as  the  flying  ones.  The  method 
IS  described  in  [2].  As  we  are  working  in  a two-way  mode,  the  only  noise  added  by  the 
atmosphere  is  the  fluctuation  between  the  way  up  and  the  way  down  of  the  troposphere.  The 
more  pessimistic  value,  with  a very  high  satellite  for  which  250  ms  will  separate  the  start  and 
the  return  of  the  light  at  the  ground  station,  leads  to  a 20  ps  uncertainty,  with  is  purely  random 
as  there  is  no  systematic  in  the  very  short  term  variations  of  the  troposphere.  As  the  stations 
and  the  satellite  will  be  localized  well  enough,  there  is  no  influence  of  the  modeling  of  the 
measurement  in  term  of  relativistic  corrections  which  can  be  completed  at  the  picosecond  level. 

Overall  noise 

On  a single  measurement,  the  noise  can  be  written  as  following: 
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Satellite:  rr’^  = (50  ps)2+  (10  ps)^+  (20  ps)^  - (55  ps)‘* 
detector  timer  laser 

Ground  : = (50  ps)^+  (10  ps)'^+  (20  ps)^  = (55ps)''^ 

with  the  same  sources,  as  the  equipment  is  basically  the  same 

Atmosphere  : rr^  = (20  ps)^ 

Overall  single  measurement  noise  ; rr'^  < ^^Ops 

The  imeenainty  for  a T2L2  clock  offse.  determination,  based  on  ICO  meas.ircmcnts,  is  then 

smaller  than  8 ps  (one  sigm<i). 

Overall  accuracy  ? It  depends  on  the  use  of  T2L2. . 

How  well  will  one  be  able  to  measure  the  variations  of  the  equipment  ^ 

«pe?rntll?Tr;"\i::t:'ba.rte  X^lfit  Xe'-h  a':al(bra,ion  a.  the  sub- 
naXeond  level.  Depending  on  the  goal  of  the  mission  using  T2L2,  we  can  approach  the 
question  on  different  manners. 

Flying  clock  monitoring 

rXS^IXa^L'^f^^Lrshtld^  to  an  uncertainty  of  50  ps.  We  could  perhaps  do 
better,  but  need  more  investigations. 

I 1-.V  T?1  2 could  then  reach  a frequency  transfer  between  the  ground  and  the  satellite 

wi,r:m  ataLcy  oTlf  Stmh  an  aceley  (s  promising  if  T2L2  is  used  for  monUor.ng  an 
ultra-stable  clock  (as  cooled  atom  or  trapped  ion  devices). 

Time  transfer 

Now  we  need  an  absolute  calibration,  in  order  to  allow  a time  scale  comparison. 

1 ’ 1 tiv>  calibrationsHl  performed  between  the  participating  stations  have  been  made. 

5?= 

a[  the  50  ps  level,  how  ,0  maintain  it  has  to  be  explored.  lOOps  seems  not  too  d.fficult,  10 
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ps  is  liefinitely  a very  difficult  goal.  It  means  that  the  time  transfer  accuracy  will  in  fact  be 
dominated  by  our  capability  to  calibrate  the  ground  equipments. 

If  we  consider  that  we  need  to  link  the  1 pps  of  each  station  for  a real  time  scale  comparison, 
we  have  to  add  an  uncertainty  due  to  the  link  between  the  reference  frequency  used  for  timing 
and  this  Ipps.  E.stimated  to  be  between  100  and  300  p.s,  it  becomes  the  most  important  source 
of  uncertainty.  However,  the  meaning  of  the  clock  offset  at  a given  time  as  provided  by  T2L2 
without  direct  reference  to  a 1 pps  signal  has  to  be  e.xplored  carefully. 

The  present  status  and  near  future  of  T2L2 

T2L2  IS  entering  in  a phase  A study  within  CNES.  It  is  part  of  the  studies  made  in  the 
PHARAO  project.  The  clear  goal  of  T2L2  will  be  to  provide  a link  between  the  flying  cooled 
atom  clock  and  the  ground.  T2L2  will  not  be  the  main  link  as  it  is  weather  dependent.  But  it 
will  provide  the  opportunity  of  a link  based  on  a completely  different  technology,  and  able  of 
a very  high  accuracy.  T2L2  could  then  be  used  for  calibrating  the  (main)  microwave  link,  and, 
depending  on  the  weather,  provide  amtinuous  accurate  monitoring  on  .some  extended  periods, 
and  accurate  measurements  from  time  to  time. 

In  this  one  year  T2L2  phase  A,  the  flying  package  feasibility  will  be  carefully  studied.  A ground 
version  of  the  event-timer  should  be  tested  at  the  LLR  station  in  the  beginning  of  1995,  and 
the  selection  of  a detector  suitable  for  T2L2  should  be  made.  In  addition,  a great  attention 
will  be  paid  to  the  following  points  ; 


• hardware  requirements  at  the  la.ser  stations 

• T2L2  clock  offset  determination  meaning  (with  re.spect  to  time  .scale  link) 

• calibration  procedures 

• station  delay  real-time  monitoring 

• operational  aspects  (observation  strategy,  network  organization,...) 

Various  scenarios  for  a first  test  flight  of  T2L2  will  be  envisioned,  waiting  for  a (not  decided 
yet)  PHARAO  mi.ssion.  After  the  death  of  the  ExTRAS  / Space  maser  on  Meteor  3-M  project, 
other  opportunities  exist  for  T2L2.  Radioastron  could  be  one,  as  the  timeframe  of  the  launch 
IS  compatible  with  a possible  schedule  for  the  fabrication  of  T2L2.  Another  possible  .spacecraft, 
which  would  be  very  interesting  for  both  time  and  geodesy,  could  be  a GPS  satellite  equipped 
with  retroreflectors.  It  would  allow  a direct  link  through  light  with  the  satellite  clock,  as  well 
as  a good  satellite  positioning  through  the  laser  ranging  measurements  which  are  a by  product 
of  T2L2.  Other  future  missions  are  under  consideration. 

For  the  T2L2  observations,  the  SLR  (Satellite  Laser  Ranging)  network  has  been  approached, 
and  many  positive  answers  have  been  received  from  many  stations  in  more  than  10  countries 
around  the  world.  Time  transfer  is  a new  application  of  these  ground  equipments  mainly  used 
for  geodesy  and  geophysics.  At  a time  where  SLR  role  in  these  applications  is  not  as  unique 
as  It  irsed  to  be  m the  past  two  decades,  thanks  to  GPS,  the  laser  stations  find  a new  field  of 
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application,  pushing  the  technique  at  its  limits.  In  countries  where  permanent  SLR  sites  are 
operating,  the  national  time  laboratories  should  approach  them  in  order  to  start  a cooperatiori 
on  these  time  transfer  opportunities.  In  the  same  time,  they  could  stress  the  importance  of 
GPS  ranging  for  both  time  and  geodesy. 

Other  scientific  objectives  of  T2L2 

T2L2,  as  well  as  a microwave  link,  and  a very  stable  clock  in  orbit  is  rich  of  many  applications. 
In  an  eccentric  orbit  around  the  Earth,  it  could  provide  an  improvement  by  a factor  400  in 
the  Vessot-Levine  gravitational  redshift  measurement.  It  could  give  the  opporUmity  of  the  still 
controversial  East- West  West-East  independent  measurement  of  the  speed  of  light,  as  proposed 
by  the  first  author  for  the  TROLL  project  in  1991,  which  can  be  extended  to  a general  check 
of  the  isotropy  of  lightl^l.  In  orbit  around  the  Sun,  it  could  allow  the  measurement  of  the 
so-called  Shapiro  effect,  the  delay  experienced  by  the  light  in  a strong  gravitational  field.  T e 
PPN  parameter  g could  be  determined  with  an  accuracy  of  10  . It  is  the  SORT  mi.ssion 

proposed  to  ESAl^l,  where  two  similar  satellites  could  also  allow  a simultaneous  g measurement 
through  interferometry.  We  are  far  from  time  transfer  between  ground  clocks,  but  such  dreams 
for  a far  future  are  driving  the  efforts  of  today. . . 


CONCLUSION 

T2L2  could  be  able  to  monitor  a flying  clock  or  to  transfer  time  with  a 10  ps  precision,  and 
an  accuracy  depending  on  the  capability  of  calibrating  and  monitoring  the  instrumental  delays, 
50  ps  being  a reasonable  guess  if  the  necessary  efforts  are  made,  and  depending  also  on  the 
necessity  to  work  with  a 1 pps  for  linking  the  time  scales.  If  the  phase  A to  be  conducted  in 
1995  concludes  on  the  feasibility  of  T2L2,  and  if  the  funding  for  its  fabrication  is  obtained,  a 
flight  model  could  be  available  in  mid  1997,  ready  to  benefit  from  any  spacecraft  carrying  a 

stable  clock. . . 
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Solution  clock  diflerences:  residuals  from  linear  fit  (ns) 


Figure  1.  Map  showing  locations  of  GPS  receiver  stations  of  the  International  GPS  Service  for  Geody- 
namics.  Stations  mentioned  in  the  text  have  double  circles.  The  global  GPS  solutions  whose  timing  results  are 
described  in  the  text,  use  up  to  24  stations  - such  as  the  set  shown  circled  here. 


Figure  2.  Maser 
clock  differences  between 
Algonquin  and  NRC,  as  cal- 
culated from  the  global  solu- 
tion. Each  day  is  treated 
independently. 
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Figure  3.  Maser  clock  differences  between  Goidstone  and  NRC,  (top)  and  between  Madrid  and  NRC 
(bottom),  as  calculated  from  the  global  solution.  Some  direct  common  view  satellites  exist  for  these  pairs. 
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Figure  4.  Maser  clock  differences  between  Tidbmbilla  and  NRC,  (top)  for  which  no  direct  common  view 
satellites  exist;  and  between  Goldstone  and  Madrid  (bottom),  as  calculated  from  the  global  solution  via  NRC  only. 
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Figure  5.  (Top)  daily  global  solution  discontinuities  in  Algonquin  - NRC  maser  clock  differences, 
emphasized  by  the  “bars”  at  00:00  each  day.  (Bottom)  Histogram  of  daily  solution  discontinuities  for  the  19  days 
of  Figs.2-4,  between  NRC  and  five  IGS  stations'  masers,  scaled  by  W2  to  reflect  the  residual  at  the  ends  of  the 
daily  solutions.  The  open  bars  represent  values  included  in  the  determination  of  the“rms”  value,  and  excluded 
from  the  “peak  value. 
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QUESTIONS  AND  ANSWERS 


W.  LEWANDOWSKI  (BIPM):  I have  a comment  on  that.  There  are  some  chances  to  put 
this  equipment  on  GLONASS  satellites.  And  that  is  interesting  because  GLONASS  satellites 
are  very  often  launched,  so  there  is  not  this  problem  of  metal,  for  example,  on  other  satellites 
in  which  just  one  is  launched.  So  I think  that  is  something  which  should  be  - 

CHRISTIAN  VEILLET  (OBSERVATOIRE  DE  LA  COTE  D’AZUR):  You  are  right. 
Perhaps  you  could  put  this,  too,  on  the  back  of  GPS  satellites  and  put  the  PRARE  time  on  it 
On  GLONASS,  yes. 

I have  just  one  more  comment.  It  s concerning  the  fact  that  T2L2  has  been  announced  with 
the  satellite  as  a ranging  network.  And  already  at  least  10  countries  have  expressed  that  they 
would  be  very  happy  to  participate.  And  I think  that  you  should  approach  your  SLR  stations 
in  your  country  I’m  not  talking  about  the  state,  because  you  did  that  already.  But  now, 
SLR  stations  would  be  very  happy  to  be  used  for  something  as  geodesy  and  geophysics.  As  you 
know,  SLR  is  not  as  important  as  it  was  in  the  last  two  decades  for  geode.sy  and  geophysics, 
thanks  to  GPS.  And  so  it  means  that  they  have  nice  devices,  good  satellites  as  running  stations. 
And  the  need  to  use  that  — - and  there  is  a very  nice  use  of  the  stations  which  can  be  made 
for  time. 

I would  .so  I would  ask  the  your  countries  to  approach  these  stations,  because  they  could  do  a 
nice  job  for  them.  Thanks. 
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Abstract:  A test  of  the  second  postulate  of  special  relativity,  the  universality  of 
the  speed  of  light,  using  the  ExTRAS  (Experiment  on  Timing  Ranging  and 
Atmospheric  Sounding)  payload  to  be  flown  on  board  a Russian  Meteor -SM 
satellite  (launch  date  January  1997)  is  proposed.  The  propagation  time  of  a light 
signal  transmitted  from  one  point  to  another  urithout  reflection  ux>uld  be 
measured  directly  by  comparing  the  phases  of  two  hydrogen  maser  clocks,  one  on 
board  and  one  on  the  ground,  using  laser  or  microwave  time  transfer  systems. 
An  estimated  uncertainty  budget  of  the  proposed  measurements  is  given, 
resulting  in  an  expected  sensitivity  of  the  experiment  of  hc/c  < 8xW‘°  which 
would  be  an  improvement  by  a factor  of  ~ ASO  aver  previous  direct 
measurements  and  by  a factor  of  ~ A over  the  best  indirect  measurement.  The 
proposed  test  would  require  no  equipment  additional  to  what  is  already  planned 
and  so  is  of  inherently  low-cost.  It  could  be  carried  out  by  anyone  having  access 
to  a laser  or  microwave  ground  station  and  a hydrogen  maser. 


I.  Introduction 

Einstein’s  second  postulate,  affirming  the  universality  of  the  speed  of  light  for  inertial 
frames,  is  fundamental  to  the  theories  of  special  and  general  relativity.  It  can  be  tested 
directly  by  comparing  the  propagation  times  of  two  light  signals  travelling  from  one  point 
to  another  along  the  same  path  but  in  opposing  directions  (often  referred  to  as  a test  of 
the  isotropy  of  the  one-way  speed  of  light).  The  only  such  test,  was  carried  out  by  Krisher 
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et  al.  (11.  who  compared  the  phases  of  two  hydrogen  masers  separated  by  a distance  of  21 
km  and  linked  via  an  ultrastable  fibre  optics  link  of  the  NASA  deep  space  network.  The 
sensitivity  of  this  experiment,  expressed  as  a limit  on  the  anisotropy  of  the  speed  of  light, 
was  bc/c  < 3,5x10'^  where  c is  the  velocity  of  light  in  vacuum.  Riis  et  al.  (2]  tested  the 
isotropy  of  the  first  order  Doppler  shift  of  light  emitted  by  an  atomic  beam  (and  indirectly 
thereby  the  second  postulate)  using  fast-beam  laser  spectroscopy  obtaining  the  currently 
best  limit  on  the  anisotropy,  bc/c  < 3x10  ®.  This  presents  a 10  fold  improvement  on  previous 
values  from  experiments  measuring  the  isotropy  of  the  first  order  Doppler  shift  using  the 
frequency  links  in  the  NASA  GP-A  rocket  experiment  (31  and  so-called  Mossbauer  rotors 
[4,  5).  In  the  test  theory  of  Mansouri  and  Sexl  (61  the  above  results  can  be  interpreted  as 
limits  on  the  parameter  a using  the  relation  bc/c  = (l+2a)u/c  (1,  2]  where  v is  the  velocity 
of  the  Earth  with  respect  to  the  mean  rest  frame  of  the  universe  (v  ~ 300  km/s).  This 
yields  values  of  a = -1/2  ± 1,8x10^  and  -1/2  ± 1,4x10^  for  the  experiments  by  Krisher  et 
al.  (1)  and  Riis  et  al.  (2]  respectively. 

The  experiment  proposed  here  would  test  the  isotropy  of  the  transmission  time  of  light 
signals  between  two  points  directly  and  on  a non-laboratory  scale  with  an  estimated 
accuracy  of  6c/c  < 8x10 using  the  ExTRAS  payload  on  board  the  Russian  Meteor-3M 
satellite  scheduled  for  launch  in  January  1997,  T2L2  (Time  Transfer  by  Laser  Light)  time 
transfer  and  a hydrogen  maser  at  the  ground  station.  This,  if  realized,  would  present  a 430 
fold  improvement  on  previous  direct  measurements  (IJ  and  a slight  improvement  on  the 
value  obtained  by  Riis  et  al.  (2).  In  Section  2 the  principle  of  the  experiment  is  explained 
while  Section  3 provides  an  evaluation  of  its  sensitivity  aimed  at  including  all  error 
sources  that  may  exceed  one  picosecond  and  based  on  the  uncertainty  budget  for  the  T2L2 
method  by  Thomas  & Uhrich  (7(. 


2.  Experimental  principle 

The  Extras  payload  consists  of  two  active,  auto-tuned  hydrogen  masers  communicating 
with  ground  stations  via  a PRARE  (Precise  Range  and  Range-Rate  Equipment)  microwave 
link  and  a T2L2  laser  link.  Once  operational,  the  system  should  reflect  laser  pulses,  emit 
and  receive  microwave  signals  and  date  all  such  events  on  the  on-board  time  scale 
provided  by  the  hydrogen  masers.  The  satellite  will  follow  polar  orbit,  at  an  altitude  of 
1000  km  with  a period  of  order  100  min  and  a duration  of  one  passage  of  ~ 17  min. 

In  principle,  the  proposed  experiment  is  similar  to  that  performed  by  Krisher  et  al.  (1).  A 
laser  signal  emitted  from  the  station  E is  reflected  at  the  satellite  S and  returned  to  E (see 
figure  1).  The  readings  of  the  ground  hydrogen  maser  at  emission  (i^  and  reception  (t^) 
and  that  of  the  space  maser  at  the  moment  of  reflection  (t^)  are  recorded.  The  differences 
T -T  and  T -T  represent  the  up  and  down  transmission  times  and  respectively  plus 
some  initial  'phase  difference  of  the  clocks.  Note  that  no  synchronization  convention  or 
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procedure  is  assumed.  Einstein’s  second  postulate  would  require  that  for  a series  of 
measurements,  after  accounting  for  the  path  asymmetries,  the  difference  T,  - should  be 
equal  to  a constant  (due  to  the  initial  clock  offset)  independent  of  the  spatial 
orientation  of  the  individual  links.  More  particularly  one  obtains  for  a single  link  (see  [8] 
for  more  detail), 

r,  - + 2 ft(tp.u(tp/c=  + (A.^^^,  - + 0(c-’)  (1) 

where  R{t^)  is  the  vector  from  E to  S at  the  coordinate  time  of  emission  of  the  signal  in  a 
geocentric,  inertial  reference  frame,  v(tj  is  the  velocity  of  the  ground  station  at  signal 
emission  in  the  same  frame  and  A.  are  internal  delays  (cables  etc.). 

The  initial  clock  offset  A^  is  a constant,  provided  that  the  two  clocks  are  syntonized.  This 
can  be  achieved  at  the  10  ‘*  accuracy  level  (the  best  hydrogen  maser  stability)  using  time 
transfer  data  over  a sufficiently  long  integration  period  and  taking  into  account  all  known 
effects  (gravitational  redshift,  second  order  Doppler,  maser  drift).  One  would  expect  the 
effect  on  the  syntonization,  of  an  eventual  anisotropy  of  the  propagation  time  of  the  light 
signals,  to  average  out  in  a global  treatment  using  time  transfers  in  all  spatial  directions. 

Terms  of  order  c'*  amount  to  ~ 40  ns  and  can  be  calculated  to  picosecond  accuracy  if  R(t^ 
and  t;(9  are  known  to  within  ~ 50  m and  ~ 0,01  m/s  respectively,  which  represents  no 
difficulty  for  modern  satellite  orbitography.  Of  course,  a possible  anisotropy  would  also 
have  an  effect  on  the  satellite  orbit  determination,  but  as  the  range  R cancels  to  first 
order  in  (1)  this  effect  would  be  negligible.  Furthermore,  the  satellite  orbit  is  obtained 
from  round-trip  ranging  measurements,  which  should,  again  to  first  order,  be  insensitive  to 
anisotropy  of  the  propagation  time  of  the  light  signals. 


Terms  of  order  c ® can  amount  to  several  picoseconds  but  can  be  calculated  to  picosecond 
accuracy  without  difficulty  [8].  The  effect  of  asymmetry  in  the  atmospheric  delays  for  the 
up  and  down  links  is  below  one  picosecond. 

Hence,  after  accounting  for  path  asymmetry,  any  variation  of  the  difference  with 

the  spatial  orientation  of  the  laser  link  should  be  due  to  a violation  of  the  second 
postulate. 


3.  Estimation  of  the  experiment  sensitivity 

The  sensitivity  of  the  proposed  test  can  be  estimated  by  considering  two  individual  laser 
links  as  shown  in  figure  2.  The  time  intervals  and  are  measured  using  the 

ground  hydrogen  maser  with  the  interval  obtained  from  the  space  hydrogen  maser. 
Designating  the  individual  transmission  times  by  7,  T^,  and  as  shown  in  figure  2 and 
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assuming  that  one  of  the  links  is  colinear  with  the  direction  of  the  presumed  anisotropy, 
the  difference  between  the  two  links  is  given  by, 

(r  - T)  - (T^  - rp  + = 2 Api-cos0).  (2) 

Here  A represents  the  correction  due  to  the  path  asymmetries  of  the  individual  links;  A is 

s a 

the  maximum  delay  for  a single  transmission  due  to  the  anisotropy,  and  0 is  the  angle 
between  the  two  links  in  the  inertial  geocentric  frame. 

If  Einstein’s  second  postulate  is  true  the  right  hand  side  of  equation  (2)  should  be  equal  to 
zero  within  the  measurement  error. 

The  experiment  should  be  capable  of  detecting  an  anisotropy  under  the  condition 

£ < 2 A^(l-cos0),  (3) 

where  t represents  the  total  measurement  uncertainty. 

The  sensitivity  of  the  experiment  is  therefore  given  by, 

6c/c  = Ayr  = e/(2T(1-cos0)|  (4) 

where  T is  a typical  transmission  time  (T  ~ 12  ms). 

max 

Maximal  sensitivity  is  achieved  when  the  measurements  are  taken  at  the  beginning  and  the 
end  of  a single  passage  of  the  satellite  directly  above  the  station.  In  this  case  0 - 180°,  T 
- 12  ms  and  the  error  accumulated  due  to  the  instability  of  the  hydrogen  masers  is  very 
small  because  of  the  short  integration  time  of  - 17  min.  Table  1 lists  the  individual 
sources  of  uncertainty  that  are  estimated  to  exceed  1 ps.  Four  sources  of  uncertainty  are 
listed  in  the  table: 

(i)  The  stability  of  the  hydrogen  masers  for  integration  times  of  1000  s is  of  the  order  2,1 
parts  in  10^^  [7]  which  gives  an  accumulated  uncertainty  of  --  2 ps  per  maser  over  an 
integration  time  of  17  min. 

(ii)  As  systematic  errors  in  the  on-board  payload  cancel  when  the  two  links  are 
differenced,  only  its  instability  over  17  min  contributes.  Ten  picoseconds  [7]  seems  a 
conservative  estimate  for  such  a short  integration  time. 

(iii)  Only  the  instability  of  the  Earth  station  during  the  experiment  contributes.  Degnan 
(9 1 states  that  the  precision  of  satellite  laser  ranging  stations  is  of  order  1 to  3 mm,  which 
corresponds  to  an  uncertainty  of  less  than  ten  picoseconds. 
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(iv)  Information  on  the  counter  uncertainties  is  provided  by  the  T2L2  proposing  team. 

In  the  calculation  of  (T  - the  differences  and  measured  by  the  space 

and  ground  clock  respectively  appear  with  a factor  of  2.  Hence  all  uncertainty  sources 
participating  in  the  measurement  of  these  intervals  ((i),(ii),(iv))  have  been  multiplied  by 
this  factor. 

For  the  measurement  of  anisotropy  in  a direction  which  is  not  in  the  plane  of  orbit,  the 
two  links  are  separated  by  the  time  necessary  for  the  Earth  station  to  change  its  position 
with  the  rotation  of  the  Earth  so  as  to  see  the  satellite  from  opposing  directions  (~  14500 
s).  The  hydrogen  maser  stability  for  such  integration  times  is  of  the  order  1,5  parts  in  10‘^ 
|7),  which  gives  an  uncertainty  of  ~ 44^2  ps  in  (i).  Contributions  from  other  error 
sources  are  those  given  in  Table  1.  Hence  the  value  for  the  total  measurement  uncertainty 
is  £ ~ 72  ps.  Note  also  that  in  this  case  0 cannot  exceed  120°. 

Substituting  these  values  for  e and  0 into  (4)  gives  an  experimental  sensitivity  of  6c/c  = 
7,9x10  when  the  direction  of  the  anisotropy  lies  in  the  orbital  plane  of  the  satellite  and 
bc/c  = 2x10  ® otherwise.  Following  Krisher  et  al.  (1|  the  experiment  can  be  interpreted  in 
the  framework  of  the  test  theory  by  Mansouri  & SexI  [6|  resulting  in  limits  on  the 
parameter  a of  a = -1/2  ± 4x10^  and  a = -1/2  ± IxlO"®  for  the  two  cases,  assuming  v = 300 
km/s. 


Conclusion 

The  proposed  test  of  the  special  theory  of  relativity  is  expected  to  improve  the  upper  limit 
on  anisotropy  of  the  propagation  time  of  light  signals  obtained  from  the  best  previous 
direct  measurement  [1]  by  a factor  of  ~ 430.  It  should  also  provide  an  improvement  (by  a 
factor  of  ~ 4)  on  the  value  inferred  from  the  measurement  of  the  first  order  Doppler  shift 
by  Riis  et  al.  (2].  The  extension  of  this  type  of  experiment  to  space-time  domains 
(separation  of  the  clocks  of  ~ 3700  km)  which  are  not  attainable  in  a laboratory  may  also 
be  an  advantage.  And  last  but  not  least,  the  experiment  does  not  call  for  the  insallation  of 
additional  equipment,  hence  it  can  be  considered  an  essentially  no-cost  experiment  which 
is  generally  a decisive  factor  for  research  in  fundamental  science. 

The  same  experiment  could  be  performed  using  the  PRARE  microwave  transfer  system  in 
the  two-way  ranging  mode  [7]  rather  than  the  T2L2  links.  This  might  be  of  advantage  as 
the  PRARE  method  is  not  weather  dependent.  However,  uncertainties  in  the  ionospheric 
propagation  delays  due  to  different  up  and  down  link  frequencies  introduce  an  additional 
uncertainty  of  ~ 20  ps  per  link,  which  slightly  decreases  the  overall  sensitivity  of  the 
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experiment  to  bc/c  = 9,8xl0  ‘“  for  the  case  where  the  direction  of  the  anisotropy  lies  m the 
orbital  plane  of  the  satellite  and  to  6c/c  = 2,1x10®  otherwise. 

It  is  likely  that  the  sensitivity  of  the  experiment  can  be  improved  if  data  taken 
continuously  during  the  passage  of  the  satellite  is  used  to  search  for  the  sinusoidal 
variation  with  0 of  the  signal  due  to  anisotropy.  Furthermore,  if  a likely  orientation  of  the 
presumed  anisotropy  is  identified,  for  example  the  direction  of  the  observed  dipole 
anisotropy  of  the  cosmic  microwave  background  [101.  it  should  be  possible  to  improve  the 
experimental  sensitivity  by  statistical  treatment  of  data  from  different  stations  and  from 
repeated  measurements. 

Finally  it  should  be  mentioned  that  the  same  type  of  experiment  would  yield  increased 
accuracy  if  performed  on  satellites  at  higher  altitudes,  as  this  would  decrease  the  ^ ratio 
in  (4).  One  possible  candidate  is  the  Radioastron  1 mission  (apogee  85000  km.  perigee  2000 
km)  scheduled  for  launch  in  late  1996. 

Acknowledgements:  Helpful  discussions  with  Dr.  Claudine  Thomas  and  Gerard  Petit  are 
gratefully  acknowledged. 
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Tables 


Source  of  uncertainty 

o/ps 

Hydrogen  masers(i) 

4 V'2 

On-board  payload(ii) 

20 

Earth  station(iii) 

10  v'2 

Counters  (iv) 

20  V2 

Total(quadratic  sum) 

E = 38 

Table  1:  Anticipated  uncertainty  budget  for  measurement  of  an  anisotropy  whose  direction 
lies  in  the  orbital  plane.  All  uncertainties  are  in  picoseconds  and  correspond  to  an 
estimated  one  standard  uncertainty,  a. 
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QUESTIONS  AND  ANSWERS 


LUTE  MALEKI  (JPL):  The  experiment  that  we  did  at  JPL,  as  you  know,  was  limited  because 
of  differential  drift  of  the  two  H-masers  which  are  not  deterministic. 

PETER  WOLF  (BIPM):  Yeah,  that  was  the  first  line  of  the  error  budget,  which  was  — 
that  is  what  I meant  by  “hydrogen  maser,”  their  instability  over  the  integration  time,  just  to 
accumulate  an  error  in  time. 

LUTE  MALEKI  (JPL):  No,  I’m  not  talking  about  the  individual  instability.  I’m  talking  about 
the  drift  that  is  indeterministic;  one  maser  moves  on  way,  and  the  other  maser  moves  the  other 
way. 

PETER  WOLF  (BIPM):  I didn’t  consider  that.  I will  have  to  look  into  that.  Thank  you 
anyway. 
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